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ABSTRACT 

A conceptual design has been .iiadc for a solar thermal receiver capable of 
operation in the I095-1650°C (2000-3000®F) temperature range. This recei- 
ver is designed for use with a two-axis parabaloidal concentrator in the 
to 150 power range, and is intended for industrial procejs heat. 

Brayton engines, or cb 'inical /fuc Is reactions. Three concepts were analyzed 
parametrically One was selected for conceptual design. Its key feature 
is a helical coiled tube of sintered silicon nitride which serves as the 
heat exchanger between the incident solar radiation and the working fluid. 

A mechanical design of this concept was prepared, and both thermal and 
stress anaiy.sis performed. Tlie analysis showed good performance, low 
potential cost in mass production, and adaptability to both Brayton cycle 
engines and chemical /fue Is production. 
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SECTION I 
SUMMARY 


The objective of this program was to conduct studies and analyses 
resulting in a recoimncndcd conceptual design of an advanced solar re- 
ceiver for industrial processes and high temperature applications. 

This receiver design is intended for potential use with two-axis para- 
boloidal concentrators in the 25-150 kW^ input power range. Potential 
applications include advanced Brayton cycle engines, chemical trans- 
port, and fuels or chemical production. 

At the inception of the program, a parametric analysis of three 
promising concepts was made. All utilised ceramic materials in order 
to meet the goals of higii efficiency and potential low cost in mass 
production while operiting in the 1095-K550°C (2000-3000^r) temperature 
range with air, helium, or nitrogen as working fluidri. Thr- first co’i- 
cept utilized a coiled tube heat exchanger .nadc of sintered silicon 
nitride located in an annulus between a ceramic cylinder on the inside 
and the insulation on the outside. The ceramic cylinder forms the 
receiver cavity and receives the solar flux. The second concept uses a 
ceramic matrix much like an automotive gas turbine rotary regenerator 
as the heat exchanger. This matrix is located in a pressurized cavity 
and the solar flux enters through a fused silica window. The third 
concept resembles the first with the exception of the heat exchanger, 
which now consists of a ceramic tube and header design. The parametric 
analysis resulted in preliminary petformance calculations, materials 
selections, weight, cost, and size data, and an assessment of the capa- 
bility for short-term thermal energy storage. 

At the conclusion of the parametric analysis the first concept 
using the helical coiled tube heat exchanger was selected for concep- 
tual design. A Brayton cycle application was selected using air at 
three atmospheres pressure, 1371®C (2500°F) exit gas temperature, and a 
power level of 38 kW . Detailed thermal analysis was performed using 
two-dimensional finite clement techniques. A mechanical design and 
supporting stress analysis was made, including mechanical drawings. At 
the conclusion of the conceptual design effort, a complete receiver 
configuration, backed by supporting analysis, was prepared. The sup- 
porting analysis included transient and off-design performance. This 
work validated the performance and suitability of the design. 

An estimate of the unit production cost in large quantities was 
maoe , including the processes and equipment needed to produce the heli- 
cal coiled tube. The potential for low cost in mass production was 
shown . 


It was concluded that this concept provides an attractive, effi- 
cient, and low cost approach to a high temperature receiver. The basic 
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simplicity of the design leads to operational ease and low maintenance. 
The receiver can oe adapted to direct chemical reactions. The only 
component not commercially available is the helical coiled tube. Only 
the size of this part is beyond the present state-of-the-art. The 
material and processes exist in smaller sizes. 

It is recommended that a feasibility demonstration of the fabri- 
cability of the silicon nitride helical coiled tube be made. Following 
a successful demonstration, a full size receiver should be designed, 
built, and tested. 
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SECTION II 
INTRODUCTION 


A. OBJECTIVES 

Tho objoctivc of this contract was to conduct studies and analy- 
ses I'^rtulting in a recommended conceptual design of a solar receiver for 
industrial processes and high temperature applications. This receiver 
design is intended for potential use with a two-axis paraboloidal con- 
centrating collector in the 25-150 power range. Potential applica- 
tions include advanced Brayton cycle engines, chemical transport, and 
^ hemical production. 

The use of solar energy for such high temperature applications 
requires the development of solar receivers which make use of advanced 
technology to achieve the goals of high efficiency and potentially low- 
cost masi ptoducibility . The temperature requirements of this contract, 
between 1095®C (2000°F) and 1650^C OOOO^F), are well above the capabi- 
lity o current concepts. This temperature range, as well as the use of 
air, nitrogen, or helium above atmospheric pressure tend to eliminate 
many useful lower-temperature concepts and materials from serious con- 
siderations. Metallic materials for use at these temperatures, when ap- 
plicable, tend to be expensive, not readily available, and hard to ma- 
chine. Conversely, it appears that by making use of ceramic materials 
receivers can be designed which will meet the technical and cost objec- 
t ives . 


Prior work had ideiitified approximately a dozen different receiver 
concepts which were evaluated for suitability for this program. An at- 
tractive concept was identified, along with two potential alternates. 

In this program these three concepts were investigated. Their performance 
and potential for low-cost mass producibil ity was determined. One of 
these concepts was chosen to be the subject of a thorough conceptual de- 
sign study. Operational anJ performance requirements associated with this 
design were characterized Finally, production cost estimates were 
prepared. 

The program was organized into five tasks. 


• Task I 

• Task 2 

• Task 3 

• Task A 

• Task 5 


Parametric Analysis 
Conceptual Design 

Receiver Operation and Performance Requirements 
Production Cost Estimates 
Documentation and Briefings 
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B . SCOPE 


The parametric analysis task involved three distinct concepts, 
which were evaluated over the range of parameters shown in Table 2-1. 




Table 2-1. Guidelines and Constraints 


• 

Designed for Use With a '^o-Axis 

Paraboloidal Tracking Concentrator 


• 

Design Boundaries: 




- Working Fluids : 

Helium, Nitrogen and Air 



Receiver CXitlet Temper- 

1200-1650°C (2200-3000°F) 



ature 




Inlet-Out let Temperature 

110-333°C (200-600°F) 



Rise : 




Pressure Love 1 : 

2-8 Atmosphere 

1 


- Pressure Drop : 

Less than uf /P 

1 


- Power Levo 1 : 

25-150 kW 



Flux Distributions: 

Characteristic of High Performance 




Collectors, i.e., 1-2 mrad Slope 

1 

1 



Error 

I 

• 

Design (ioa 1 s : 


1 

1 


- High Performance: 

High Efficiency 



- Low Cost: 

Potential for Low Cost in Mass Pro- 

\ 



duct ion 

} 

i 

At 

the end of this task, one of the 

concepts was selected for conceptual 

design. 


1 

Directions were given by JPL 

to design the receiver for use with 

an 

advanced Brayton cycle engine. Table 2-2 shows these requirements. 

{ 


Table 2-2. Design Point Requirements and Analysis Results 


DESIGN REQUIREMENTS 




Working fluid 

Air 



In let gas temperature 

950°C (1750OF) 



Ex it gas temperature 

13700c (250 QOf) 



Pressure level 

0.31 MPa (45 psia) 



Mass flow rate 

0.113 kg/sec (0.25 Ib/sec) 



Maximum pressure drop 

4% AP/P 



Concentrator s lope error 

2 mrad 
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The resulting concept was analyzed for thermal performance, me- 
chanical drawings were prepared, and stress analysis of the design per- 
formed. A limited amount of effort was spent determining the concepts 
appl icabi 1 ity to chemical reactions and fuels production. Receiver op- 
erations and operational requirements were determined. 

The suitability for low-cost mass production was evaluated, and 
production cost estimates prepared. Key design features leading to low 
cost were described. 

The end result of this program was a conceptual design of a po- 
tentially low-cost receiver with relatively high performance in the high 
temperature range required. 

C . CONCEPTS EVALUATED 

Three concepts were selected for evaluation in the parametric 
analysis task. These included the most attractive one identified in 
earlier work ns well as two other attractive concepts. It was the in- 
tent of this work to analyze them in sufficient detail to allow an in- 
telligent choice between them for further conceptual design. 

1. Helical Coiled Tube Concept 

Figure 2-1 shows an early version of this concept. The key fea- 
ture is the use of a single helical coiled tube of high temperature 
ceramic. This tube acts as the pressure containing heat exchanger. It 
requires only two joints to connect to the external equipment, and is 
simple in shape for good mechanical strength. An opaque sleeve of high 
temperature ceramic located inside the helix performs two important 
functions. First, it serves to protect the helix from direct solar 
insolation and thus reduce the thermal shock on the helix. Since the 
sleeve does not have to be gas-tight or support pressure loads, it can 
be designed solely to withstand thermal shock. Second, this sleeve 
provides n small amount of thermal energy storage. The remainder of the 
receiver is constructed out of insulation, ceramic support forms, and 
sheet metal . 

2. Matrix Heat Transfer Concept 

The second concept evaluated is shown in Figure 2-2. Its key 
feature is the use of a honeycomb type matrix as the heat exchanger. 

This component is much like the ceramic rotary regenerators being de- 
veloped for automotive gas turbines. The use of this concept above at- 
mospheric pressure requires two additional features which characterize 
this concept. One is a transparent window to allow the solar flux to 
enter the pressurized gravity. The other is the pressurization of the 
entire cavity and insulation to allow the pressure stress to be carried 
by a cool outer steel vessel. 

3. Tube and Header Concept 

The third concept, shown in Figure 2-3, uses a heat exchanger 
comoosed of two toroidal headers connected by many hairpin-shaped smaller 
tubes. It is similar to the first concept except for the different 
style of heat exchanger. 
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SECTION III 
PARAMETRIC ANALYSIS 


A. OBJECTIVES 

Tho major objective of this task was to conduct a parametric 
analysis o( the various concepts and design options so as to charac- 
terize the system performance for comparison and optimization purposes. 
The range of parameters investigated was shown in Table 2-1, and in- 
volves the operation of the receiver at above atmospheric pressures at 
temperatures above 1200®C (2200^F). 

The results of this task were: 

• Preliminary receiver performance calculations showing thermal 
efficiency, pressure drop, and temperatures of key components. 

• Materials selections for key components, based on suitability, 
availability in required forms, and potential for low cost in 
mass production. 

• Weight, cost, and size of the concepts on a parametric basis. 

• An assessment of thermal energy storage feasibility for periods 
of up to 3 minutes. 

Thrc'c concepts were evaluated in sufficient detail to determine 
the advant«ages and disadvantages of each. At the completion of the 
task, an evaluation was made to guide the selection of the one concept 
to be carried into conceptual design. 

H. CONCEPTS STUDIED 

As discussed in the Introduction, three concepts were studied. 
Additional engineering sketches were made, and several options investi- 
gated. Based on this work, three designs were analyzed. This section 
of the report describes each in enough detail so that the remainder of 
the discussion of re.su Its will be clear. 

I. Helical Coiled Tube Concept (Concept No. 1) 

Figure 3-1 shows a cross section of the helical coiled tube con- 
cept. The dimensions shown are only for reference, since they are varied 
during the parametric analysis. Solar radiation impinges on the ceramic 
thermal inertia sleeve which reradiates to the helix, thus providing a 
small amount of thermal energy storage and reducing thermal shock to the 
helix. The helical coil acts as the primary heat exchanger. It contains 
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the working fluid at above atmospheric pressure » and is the only com- 
ponent which must be leaktight. It is surrounded by an insulation pack- 
age of rigidizod fibers, whose density and stiffness vary to provide 
both structural integrity and low heat loss. The entire unit is encased 
in a sheet metal can which provides support for the unit and a con- 
venient means of attaching the receiver to the concentrator. The facing 
of the solar flux entrance cone is coated with a low absorptive surface 
which is weather proofed. The two seals (or joints) at the top of the 
receiver serve to terminate the helix and to decouple the receiver heat 
exchanger from th 2 exterral heat transfet components. 

2. Matrix Heat Transfer Concept (Concept No, 2) 

Figure 3-2 shows the arrangement of the matrix heat transfer con- 
cept. Solar radiation from the concentrator enters the cavity through a 
fused silica dome and impinges on a cylindrical honeycomb heat transfer 
matrix. This matrix is made of high temperature ceramic and has many 
passages parallel to the axis of the receiver. It is similar in concept 
to the rotary regenerators developed tor use in automotive gas turbines, 
although the material and hole size will likely have to be different. 

Gas enters the receiver through a sealed joint, cools the fused 
silica dome and passes upwards through the matrix. The gas then leaves 
the receiver through another sealed joint. In order to minimize high 
stresses on ceramic parts, the entire receiver is pressurized, including 
the insulation package. Thus the only pressure seals are at the peri- 
mclcr of the fused silica dome and at the sealed joints. The outer 
metal shell, at near-ambient temperature, is the primary pressure bar- 
rier. The insulation package is made of similar materials to the first 
concept. Thermal energy storage is provided by the matrix itself as 
well as the insulation package. 

Figure 3-3 shows another version of this concept. In it, the gas 
flow enters through the center of the matrix by means of a ceramic tube. 
Orifices in the tube permit control of the flow over the fused silica 
dome and through the matrix. All attachments are at the top of the re- 
ceiver where a relatively complex set of seals and joints separates the 
inlet and outlet flows. 

3. Tube and Header Concept (Concept No. 3) 

Figure 3-4 shows a concept usiiig a ceramic tube and header heat 
exchanger. As with Concept No. 1, the solar flux impinges on a ceramic 
thermal inertia sleeve. Between this sleeve and the hot surface ol the 
insulation package are located a number of small diameter ceramic hair- 
pin tubes. Each is connected to two toroidal headers with a spigot type 
joint. Gas flows into one of the toroidal headers and is split between 
the hairpin tubes. After being heated the gas is collected in the out- 
let header and leaves through a tube and joint arrangement . Except for 
a different heat exchanger configuration, this concept is quite similar 
to Concept No. 1. 
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C. MATERIALS SELECTION 

During thin portion of ihiB proji'ct^ a proliminnry Mi'loction of 
/ippropriato matori/il for ench componont for each concept wan made. The 
bi‘Ht material wan identified along with other potential choicc«. Prop- 
ertieB f( r each were collected from the literature and reviewed for re- 
I iabi I ity . 

Baaed on this preliminary data, the operating limits, compati- 
bility with working fluids, and thermal shock capabilities were assessed 
In many cases, it was possible to identify potential commercial producers 
of the materials and shapes required. A rough start at determining the 
mass production cost was made. 

Materials for the following components were studied in some de- 

t a i 1 : 


• Ceramic tubing 

• Thermal inertia sleeve 

• Insulat ion 

• Ceramic structural supports 

• Transparent dome or window 

• Hone y c omb matrix 

Other components, primarily low temperature structural parts, 
were selected using conventional engineering judgement. 

1 . Ceramic Tubing 

Ceramic tubing is the key pressure containing component in both 
the helical coiled tube concept and th^ tube and header concept. Sizes 
required range from 8 mm (0.3 in.) to 90 mm (3.5 in.) diameter in lengths 
from 0.7 m (2 ft.) to 13.5 m (45 ft.). Required wall thicknesses, pri- 
mar’ly determined by fabrication limits rather than stress, range be- 
tween 5 and 10 percent of the diameter. 

Desired properties include: 

• Usable .strength to above 1650^C (3000°F) 

• Stable in air, nitrogen, and helium 

• Good thermal shock resist a e 

• (iood thermal conductivity 

• i^otc'ntial adaptabiiity lo ma.ss production 

• l,ow cost and non-s t rateg i c constituents 

The two possible materials identified were sintered silicon car- 
bide and sintered silicon nitride. Appendix A contains an overview of 
the possible fabrication procedures and material options available. 

Both materials are under development for numerous applications 
requiring reasonable strength thermal shock resistance, and stability at 
high temperatures. Table 3-1 compares the properties of several dif- 
ferent types of these two ceramics. It was determined that either ma- 
terial would bo acceptable and could lead to low cost in mass production. 
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Table 3-1. Comparison of Silicon Nitride and Silicon Carbide 




Material 

Property 

Units 

Silicon Nitride 

Silicon Carbide 

Density 

kg/m3 (lb/ft3) 

3000 (187) 

3200 (200) 

Modulus of Elasticity 
0 20°C 

GPa (ksi) 

234 (34000) 

392 (57000) 

Poisson *8 Ratio 

- 

0.29 

0. 16 

Linear Coefficient of 
Thermal Expansion 

oC”l (°F"U 

3x10-6 (1.7x10-6) 

f X 10"^ (3.3x10-6) 

Thermal Conductivity 




I? ?0^C 

W/m-°K 

13 (7.3) 

110-70 (70-40) 

0 1650^C 

(Btu/hr-ft-<>F) 

6 (3.5) 

20-30 (11-17) 

Flexure Strength P 20^C 
(Approximate ) 

MPa (ksi) 

390 (57) 

490 (70) 

Al lowablc Engineering 

Stress 0 1 500^C 

(For parametric analysis) 

MPa (ksi) 

76 (11) 
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Baaed on silicon nitride's lower themal expansion and lower mod- 
ulus, it was selected as the prime choice. Figure 3-S shows an extruded 
helical coil of half-inch diameter silicon nitride tube before firing. 

The joints between the hairpin tubes and the inlet and outlet 
toroidal headers required for Concept 3 were investigated. Although no 
single method of fabricating these joints was selected, several methods 
were identified, including the use of a viscous glass in a configuration 
similar to a brazed or soldered metal joint. 

2. Thermal Inertia Sleeve 

Both Concepts 1 and 3 require a ceramic sleeve to act as a therm- 
al inertia element and as a protection for the heat exchanger from the 
direct solar insolation. This component has an inside diameter of 175 
to 500 mm (7 to 20 in.), a height of 500 to 1000 mm (20 to 40 in.), with 
a wall thickness of 6 to 20 mm (1/4 to 3/4 in.). Since this component 
does not have to withstand pressure stress or be gas leak tight, its ma- 
jor requirement is to withstand the thermal shock of rapid solar heating. 
Desirable properties include: 

• Stability in air to above 1650®C (3000°F) 

• Thermal shock resistance 

• High thermal conductivity 

• High emissivity 

• Potential for thermal energy storage 

A number of materials were investigated as possible candidates. 
Both silicon carbide, usable in air to 1750®C (3200°F), and silicon ni- 
tride are potentially useful. Many refractory oxides, such as mullite, 
alumina, magnesia, spinel, zirconia, beryllia, and uranium oxide can be 
used above 1750°C (3200°F), but have potential problems such as low 
thermal conductivity, toxicity, and/or poor resistance to thermal cy- 
cling. Table 3-2 shows selected properties for these materials. 

Since acceptable grades of silicon carbide appear available, such 
as Crystar® .-'rom the Norton Company, this material was selected for the 
conceptual design phase. A major advantage is excellent thermal conduc- 
tivity, which leads to better receiver performance. However, some of 
the other materials, especially mullite, may be ultimately preferred 
from a cost standpoint. 

3. Insulation 

All concepts require a relatively high quality and effective in- 
sulation package to keep heat losses low. In addition, the availability 
of rigid, self-supporting insulation forms led to design concepts in 
which the insulation itself would become part of the structure. 

The size of the insulation package sections range up to 2 m (6.6 
ft.) in diameter and up to 1 m (3.3 ft.) in height. Requirements in- 
c lude : 
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• Stability in air, helium, and nitrogen above I650°C OOOO^F) 

• Relatively low thermal conductivity 

• Rigidness and strength to support itself and other light com- 
ponents 

• Fabricability into reasonably complex shape 

• Potential for low cost in mass production 

Several materials made of alumina, silica, and zirconia appeared 
satisfactory. Rigidized fiber products supplle' '>y Babcock and Wilcox 
out of Saffil* and Kaowool* can be used up to 16:>0°C (3000°F) and are 
available in reasonably complex forms with varying material composition 
and density. Other companies, such as Zircon Products also make this 
type of insulation. In areas where temperatures are lower, below 1260^0 
(2300°F), many less expensive materials such as Fiberfrax* or Min-K- 
2000* are commercially available. 

For the parametric analysis, the insulation was assumed to be 
made out of formed parts using graded density Saffil* and Kaowojl* rigid 
insulation. 

4. Rigid Ceramic Structural Elements 

As an alternate design for Concepts 1 and 3, and for the struc- 
tural aperture cone and support element in Concept 2, rigid ceramic 
parts are required. These are ring shaped pieces up to I m (40 in.) in 
diameter and up to 300 mm (12 in.) thick. These parts should have the 
following properties. 

» Low thermal expansion 

• Thermal shock resistance 

• Moderate -to-high flexural strength 

• Moderate cost 

Possible candidates are: 

• Cordierite 

• Beta spodumene 

• Zircon 

• Glass-ceramics (Cercor® for example) 

• Mullite 

Based on these requirements, Cordit/ite was selected for use be- 
low 1370°C (2500°F) and Mullite ,1'or use above this temperature. 

5 . Transparent Dome or Window 

Concept 2 requires a dome or window which must function as part 
of the pressure containing system. The required diameter is 76 mm (3 
in.) to 200 mm (8 in.) with a thickness of about 6 mm (1/4 in.). De- 
sired properties include: 
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• High transmittance for radiant energy 

• Moderate strength 

• High thermal shock resistance 

• Compatible with air to above 16$0°C OOOO^F) 

After an extensive a.*arch, only two materials were identified. 
Fused silica has all of the required pioperties except that it devitri- 
ficB in air above 1090°C (2000°F). Yttralox*, transparent, sintered 
yctria, is useable to about 1760^0 (3200^F), and has been developed for 
various applications, but its transmittance is rather low, and would 
seriously degrade the receiver performance. In addition, its cost is 
expected to be rather high. 

Fused silica is the clear choice where its lemperature limit al- 
lows its use. No good material has been identified for extended use 
above 109QOC (2000°F). 

6. Honeycomb Matrix 

The heat transfer surface for Concept 2 is a cylindrical honey- 
comb matrix about 200 mm (8 in.) to 600 im (24 in.) in diameter and 25 
mm (1 in.) to 100 mm (4 in.) thick. It has many small channels through 
it parallel to the axis. These holes are rectangular, triangular, or 
hexagonal depending on the method of manufacture and have equivalent 
hole diameters between 0.5 mm (0.02 in.) and 6.4 mm (1/4 in.). 

Desired properties are; 

• High thermal shock resistance 

• Compatibility with air, helium or nitrogen to above 1650°C 
(3000°F) 

• Fabr icability to the desired shape 

Several materials have been developed and fabricated for auto- 
motive gas turbine rotary regenerators. Some of these and their tempera- 
ture limits are: 

• Corning 9460 Aluminosilicate (AS): to 1000°C (1832°F) 

• Magnesium Aluminosilicate (tKAS): to 1000°C (1832°F) 

• GE-7808 (Zr MAS): to 1250°C (2282°F) 

Additional candidate materials, some of which have been used for 
automotive catalytic converters are; 

• Alumina (Alsiroag 614, for example): to 1540®C (2800°F) 

• Cercor®: to lOlO^C (1850°F) 

• Silicon carbide: to 1760°C (3200®F) 

• Silicon nitride or Sialon: to 1760°C (3200°F) 

• Mullite: to 1760°C (3200 °f) 

For the high gas temperature desired, it appears that one of the 
higher temperature materials such as silicon carbide, silicon nitride, 
or mullite will be required, and these were selected for the parametric 
analysis . 
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D. PERFORMANCE ANALYSIS 

1. Scope and Basis for Analysis 

Pcrrormance analysis, specifically defined as overall receiver 
efficiency while meeting pressure drop requirements, was performed on 
the three concepts described above. The helical coiled tube concept was 
analyzed in the most detail, while sufficient analysis was performed on 
the other two concepts to allow their evaluation to be compared. 

As used for all of the analysis performed, "peak thermal power" 
is defined by a subset of specifications pertinent to the A0S**1 concen- 
trator. These are: 

• 1 kW/m^ insolation 

• 86% efficient concentrator 

• 0.9% blocked area at concentrator center 

The "peak thermal power" to the receiver is defined as the total 
reflected energy which could be collected by a concentrator of a parti- 
cular size with the above specifications. The receiver efficiency is 
defined as that percent of the "peak thermal power" which is transferred 
to the working fluid. The heat losses thus accounted for in the re- 
ceiver efficiency include: 

• Intercept factor losses 

• Insulation losses 

• Reradiation losses 

• Convective losses 

2. Helical Coiled Tube Concept Analysis 

a. Analysis Methods. A computer code was written to perform the 
iterative calculations necessary to determine the receiver efficiency. 

In addition, the size, weight, and a rough cost parameter were calcu- 
lated . 


This computer code performed an essentially one -dimensional heat 
transfer calculation which included: 

• Radiant and convective losses from the cavity 

• Conduction through the thermal inertia sleeve 

• Radiation interchange to the helix from the sleeve 

• Conduction and convection through the tube to the gas 

The calculation performed a double iteration to balance tube di- 
ameter and length against desired pressure drop and required heat trans- 
fer area, and then mass flow versus available energy to the gas. For 
each calculation, the pressure level, inlet and outlet temperatures, 
pressure drop, and incident energy were fixed, as were certain geometric 
ratios such as coil spacing to tube diameter and sleeve diameter to ap- 
erture size. 
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Some of the calculation techniques were nonatandard and are dea* 
cribed below. These include the heat transfer coefficient and friction 
factor for the gas within the coiled tube, the calculation of reradia- 
tion losses, and the convective heat transfer coefficient for the in- 
terior of the receiver cavity. 

Tlie heat transfer coefficient and friction factor correlations 
were taken from Rohsenow and Hartnett's Handbook of Heat Transfer . Sec- 
tion 7. These correlations were checked extensively against others, and 
after an error in the printed equation for the pressure drop was cor- 
rected, good comparisons with others tended to validate their use. 

Reradiation was calculated by calculating radiation view factors 
and interchange factors between the aperture and three surfaces of the 
cylindrical cavity with the aperture in it. By using emissivitics for 
each surface it is possible to make quite an accurate calculation even 
in a parametric analysis. 

The convection heat transfer from the receiver cavity was calcu- 
lated by means of rclation.ships derived from experimental work done on 
an experimental receiver which was designed and tested as part of the 
Shenandoah solar project''. The correlation developed takes inio account 
the proportions of the receiver cavity, the size of the aperture, the 
angle of inclination of the concentrator-receiver, and the wind speed 
and directions. 

b. Parametric Evaluation Overview. It was found that the effi- 
ciency of the receiver was determined by the interaction of the radiant 
heat losses from the cavity and the connective heat transfer between the 
inside surface of the tube and the working fluid. For high efficiency 
the temperature drop between the gas and the sleeve must be as low as 
possible. This requires relatively large surface areas within tiie cavity 
to avoid a high AT across the sleeve. It also required a large heat 
transfer surface on the coiled tube. It became possible to trade off 
size and thus cost against efficiency. 

For all this analysis, only single tubes were considered. This 
causes the low pressure drop requirement to become significant, es- 
pecially for low pressure levels and high mass flows. In order ("o keep 
the heat transfer coefficient reasonably high, it is desirable to op- 
erate in the turbulent flow regime, and all cases met this requirement. 

The analysis was performed by varying one parameter at a time 
rather than running a full matrix of all possible combinations of para- 
meters. The parameters investigated included: 

• The major study variables 
Exit gas temperature 

- Inlet-outlet temperature difference 

- Pressure level 
Power level 

- Working fluid 


Koenig, A. A. and Marvin, M., "Convective Heat Loss Sensitivity in Open 
Cavity Solar Receivers", General Electric Co. To be Published. 
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• Tube spacing and coil proportion 

• Concentrator quality 

• Aperture size 

• Heat exchanger effectiveness 

• Off design performance 

Except as otherwise noted, all parametric analysis was performed using a 
1 milliradian slope error concentrator. 

c . Performance Results With Air or Nitrogen. Figure 3-6 shows 
the efficiency of receiver using air as the working fluid, These cal- 
culations were all made for the same coil height to sleeve diameter 
ratio, about 2. This value appears to give a good balance between ef- 
ficiency and weight, and also gives a well proportional helix for ease 
of manufacture. The efficiency varies with this height to diameter 
ratio so that within the range of 1.5 to 3.0 the efficiency changes by 
about 2 points. This should be considered when interpreting Figure 3-6. 
Thus only the variation in exit gas temperature is really significant. 
For the other three major variables, the effect on efficiency is quite 
sma 1 1 . 


One result of this analysis was the determination of the effect 
of coil spacing and proportion. For a given set of thermal condition , 
that is inlet and exit temperatures, power level and pressure level, ( e 
total tube length and diameter are nearly constant. By changing the 
spacing between coils and the coil diameter (and hence number of turns), 
the proportions of the receiver cavity can be varied over a wide range. 
Shown in Table 3-3 are typical results from one set of calculations. 
Similar results were obtained for changing the .pacing between coils. 

For air, a minimum weight and high efficiency was obtained with a ratio 
of tube spacing to tube diameter of about 1.3. For comparison purposes, 
coil height to sleeve diameter ratio of approximately 2 was used. As 
will be seen later, this type of variation is more significant for helium 
cases than for air. 

Nitrogen showed little parametric difference than air from any 
viewpoint. The silicon nitride material is not affected by either, so 
there is little performance difference. 

d. Performance Results With Helium. Helium has a much better 
heat transfer - efficient than air, and a higher heat capacity. There- 
fore the tube length and diameter required for a given power level, 
temperature condition, and pressure level are lower than for air. This 
means that receiver coils can be smaller for helium. The smaller coils 
can fit around a smaller cavity and a smaller Inertia sleeve. This 
causes the sleeve temperature to be higher and the reradiation losses 
greater By open'lng up the helium coil, it is possible to achieve the 
same efficiency as for air, but the weight increases to about the same 
level as for air. Table 3-4 shows a comparison of an air case with two 
helium cases, one which has the same coil spacing and one which has 
nearly the same overall size. Note that the smaller, lighter (and po- 
tentially cheaper) helium unit is 4 points lower in efficiency than 
either the air receiver or the larger helium unit. The conclusion 
reached is that helium receiver cat. be much smaller and lighter than air 
receivers, but only at an efficiency penalty. 
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Table* 3-3. Effect of Cavity Proportion Change on Performance 




1 Cate 1 

Parameter 

Units 

1 

2 

3 

Total Input Power 

kWt 


87.5 


Pressure Level 

Atmosphere 


5 


Exit Gas Temperature 

°C (°F) 


1427 (2600) 


Inlet-Exit Temp. Difference 

°C (°F) 


333 (600) 


Working Fluid 

- 


Air 


Ratio of Sleeve Diameter 
to Aperture Diameter 

- 

1.3 

1.7 

2.1 

Ratio of Coil Height to 
Sleeve Diameter 

- 

2.79 

1.87 

1.52 

Ef f iciency 

% 

70.6 

72.3 

73.8 

Tube Length 

m (ft) 

6.5 (21.2) 

6.7 (22.0) 

7.8 (25.5) 

Tube I.D. 

mm (in) 

A4 (1.74) 

45 (1.76) 

45 (1.77) 

Weight 

- J 

kg (Ibm) 

102 (224) 

114 (251) 

140 (308) 
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Table 3-4. Uac of Helium Aa a Working Fluid 


rnramt’tcr 

UeiCs 

1 Gas 

Air 

Helium 

Coil Spacing Co Tube Diameter 

- 

1.3 

1.3 

2.54 

Power Level 

kWt 


87.5 


Pren»ure Level 

Atmos . 


5 


Exit Gas Temperature 

(Op) 


1427 (2600) 


Inlet Exit Temp. Difference 

oc (Op) 


222 (400) 


Coil Height to Sleeve Diameter 

* 

2.16 

1.71 

1.93 

Ef f i c ioncy 

;;; 

74.7 

70.7 

74.5 

Overall Height 

mm ( in ) 

1.39 (55) 

0.91 (36) 

1.44 (57) 

Over.ill Diameter 

mm (in) 

1.26 (50) 

0.78 (31) 

1.26 (50) 

Weight 

kg (lb) 

259 (572) 

85 (187) 

260 (574) 

Tube Length 

m (ft ) 

9.4 (31) 

5.2 (17.1) 

5.5 (18.2) 

Tube Diameter 

mm ( in ) 

55 (2.18) 

43 (1.71) 

44 (1.74) 

He.'tt Transfer Coefficient 

BTU/hr-ft^-Op 

82.0 

1 59 . 6 

156.4 

Heat Transfer Coefficient 

W/m2-OK 

142 

276 

271 

Sleeve Temperature 

°C (°F) 

1610 (2930) 

1766 (3210) 

1621 (2949) 
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fffpct of Co ll ector Accur>icy. Except for the calculation* 
(itHcutscd in thi* paragraph, all of the paraMCtric calculation* were 
made uaing a concentrator with a nominal accuracy represented by a I 
milliradian (mrad) slope error. For a 92. 5X intercept factor. 87,5 kW 
nominal peak power and the aiaumed concentrator data, thi* require* a 
130 mm (5.12 in.) diameter aperture. Changing to a lower accuracy con- 
centrator of 2 mrad *lope error, the aperture become* 194 mm (7.62 in.). 
Thi* change in aperture *iae increase* the losses from the receiver 
significantly, and decrease* the efficiency by 10 to 12 points, or from 
about 751! to 65-631!. 

f. Effect of Changing Aperture Siae. H»e effect of changing the 
aperture sixe, which therefore changes the intercept factor, was investi- 
gated. Increasing the aperture will capture more energy but also increase 
losses from reradiation and convective losses. The results of several 
calculations showed little effect on efficiency over a relatively wide 
range of aperture sixes. Additional work was performed as part of the 
conceptual design and reported in Section IV-B-1. 

g. Effect of Heat Exchanger Effectiveness. Early work showed 
that the effcctivenesn of the coiled tube as a heat exchanger was a sig- 
nificant variable. The effectiveness was defined as: 

T - T ^ 

gaa out gaa in/ 

T - T \ 

tube gaa in I 

and was used to fix the tube wall inner temperature. Low effectiveness 
implies a higher wall temperature for the same gas temperatures, and 
hence a higher sleeve temperature and lower receiver efficiency. A low 
effectiveness also causes a smaller coil. After correction of a compu- 
tational error, it was found that high effectivenesses of 0.9-0.95 could 
be used without significant weight penalty and thus this parameter is no 
longer very significant. 

h. Off-Design Performance. A small amount of off-design analy- 
sis was performed during Task 1. The condition investigated was one for 
a fixed concentrator-receiver operating at constant temperature condi- 
tions while the input energy decreases due to early morning or late 
afternoon operations. Since the receiver losses are primarily propor- 
tional to temperature level, the efficiency drops off significantly 
below about 602 of input power. Figure 3-7 shows the results of this 
calculation. 

3. Matrix Concept Analysis 

The efficiency of the matrix concept is determined primarily by 
the face temperature of the heat transfer matrix. The matrix can be a 
very effective heat exchanger, and the predominant losses are reflection 
and absorbtinns in the fused silica window and reradiation losses from 
the face of the matrix. Pressure drop through the matrix can be made 
very low, and the major flow problem is achieving a uniform flow distri- 
bution through the matrix. In addition, performance is relatively in- 
Si.isitive to pressure level. 

Parametric analysis showed that the efficiency of the matrix con- 
cept was at least as high as the coiled tube concept. This work orig- 
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Figure 3-7. Off-Design Performance 
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inally showed that very high matrix surface temperatures and gradients 
would exist, and would cause potential materials problems. Subsequent 
evaluation showed that surface temperatures were much lower, veil within 
the capability of silicon carbide or silicon nitride. The temperature 
gradients were also lower, but still may require additional attention 
during conceptual design. 

because of the fused silica temperature limit, only parametric 
cases with inlet temperature less than 1090^C (2000**F) were considered. 

It would require a separate cooling circuit and additional complexity to 
go above this temperature. 

4. Tube and Header Concept 

Analysis of the tube and header concept showed that essentially 
the same performance as Concept 1 could be obtained. Although the heat 
exchanger had a different configuration, its effectiveness and pressure 
drop requirements were similar to the helical coiled tube concept. 

5 . Summary 

Surprisingly, all concepts were able to achieve essentially equi- 
valent efficiency, for the same external conditions. The differences 
between concepts are determined by their fabricability , weight, and 
potential for low cost in mass production. 

E. WEIGHT, SIZE, AND COST ANALYSIS 

1. Helical Coiled Tube Concept 

Figure 3-8 shows the weight of the receiver, using air, as a 
function of the major study variables. It is apparent that low pressure 
levels, and low gas temperature rises tend to require very large re- 
ceivers. This is caused by the pressure drop limitation imposed. The 
increased weight of receivers with high exit gas temperatures is caused 
primarily by the added insulation needed. The effect of power level on 
weight is nearly linear. 

Figure 3-9 shows the approximate overall diameter of the receiver 
as a function of the major study variables. For units having approxi- 
mately the same coil properties, the height is about 250 mm (10 in.) 
greater than the diameter. 

Figure 3-10 shov s a very approximate cost parameter plotted versus 
the major variables. The shape of these curves follows the weight curves 
c losely . 

2. Matrix Concept 

Table 3-5 shows the size and weight for a representative matrix 
configuration. It is appreciably lighter and somewhat more expensive 
than a similar coiled tube concept would be, primarily due to the cost 
of the matrix and window arrangement. Its cost would be expected to 
decrease with mass production to be slightly less expensive. 
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Table 3-5. Matrix (Honeycomb) Concept 
Weight and Cost 


Concept 

Matrix 

Coiled Tube 

Working Fluid 

He 1 ium 

Power Level 

87. 

5 kW 

Kxit Gfis Temperature 

1 200°C 

(2200°F) 

Inlet Gas Temperature 

980‘^C 

(1800°F) 

Pressure Level 

5 atmospheres 

Overall Height, mm (in) 

851 (33.5) 

902 (35.5) 

Overall Diameter, mm (in^ 

582 (22.9) 

678 (26.7) 

Weight, kg (lb) 

48 (105) 

66 (246) 

Cost , $ 

300 

173 
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t. Tube and lloadc>r Concept 

Ttto tube and header concept has nearly the Hamc weight and size 
a» the helical coiled lube concept. It should cost slightly more due to 
the more elaborate heat exchanger design. 

F. ADAPTABILITY TO FUELS PRODUCTION AND CHEMICAL REACTIONS 

A small effort was made to see if these concepts would be adapt- 
able to fuels production or chemical reactions. It is apparent that the 
ultimate goal must be to use the high temperature solar energy where it 
is generated, in the receiver, and not attempt to transport sensible 
heat through ducts. This would avoid losses in transmission as well as 
the expense of high-temperature insulated ducts. It is also desirable 
to couple a recuperator to the receiver so that essentially all of the 
thermal enerfjy goes to the process reaction and is not wasted. 

The key area investigated in this task was the possible location 
o| catalysts in each concept. 

In the two concepts using extruded tubing, it was determined that 
extended surfaces on the inside of the tube, for example as shown in the 
sketch below, could be made almost as easily as the plain tube could be. 
The catalyst could be chemically deposited on these surfaces in a highly 
atitomated fashion. 



Sketch of Extruded Extended Surface Tube 


For the matrix concept, the catalyst can be placed exactly like 
that on an automobile catalytic converter. 

G. THERMAL ENERGY STORAGE EVALUATION 

An assessment of the capability of these concepts for up to three 
minutes of thermal energy storage was made. Considering the temperate»- 
level and the short time required, the use of latent heat sforage in 
liquid iikM.'iIm .such .').■) iron, nil icon, .ind t ilaiiiuin, .'ill oi which melt iu 
the correct I empe i at ii re r.inge , was clintarded. I'robletmi ol null er i.'i I n 
compatibility, and differential thermal expansion were? the primary rea- 
sons . 
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Scoping cfllculnt ions showed thst the sensible host storage in the 
thermal inertia sleeve will provide about 45 seconds of storage with a 
temperature drop of about IIO^C (200^P) for concepts 1 and 3. The tube 
or heat exchange.- adds a little more. By placing a second sleeve in 
back of the coil or heat exchanger, even more storage time could be pro- 
vided . 


H. CONCEPT EVALUATION 

Table 3-6 shows a summary of the evaluation of the three concepts 
studied . 

Tlie helical coiled tube concept is clearly an excellent design. 

It has a large number of advantages, especially the wide range of appli- 
cation and adaptability to the higher temperatures required for this 
study. Except for the coiled tube, all other components arc presently 
available commercially. The materials for the coiled tube are developed 
and only the large size and shape require fabrication development. 

Kor the lower end of the required temperature range, the matrix 
concept is a good choice for further development. It shows excellent 
efficiency and potential low weight and cost. 

The tube and header concept shows no significant advantages over 
the helical coiled tube design, and has several potential development 
problems, especially the many joints needed. Its cost should be higher 
than the others also. 
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Table 3-6, Concept Evaluation 


Concept 

Advantages 

Disadvantages 

Helical Coiled Tube 

- Wide Range of Applicability 

- Good Efficiency 

- Reasonable Weight (and Cost) 

- Adaptable to Chemical Re- 
actions 

- Available or Developable 
Materials 

- Heavy and Costly 
With Low Pressures and 
Low At 

Matrix Concepts 

- Best Efficiency 

- Low Weight 

- Limited Temperature 
Range 

- Thermal Stress in 


- Available or Developable 
Materials 

Matrix May be a 
Problem 


- Adaptable to Chemical Re- 
actions 

- Pressure Seals Will 
Need Development 

Tube and Header 

- Reasonable Efficiency 

- Weight and Cost Compar- 

- Complex Structure 
With Many Joints 


able to Coiled Tube Concept 

i 

- Required Development 
of Joints 

1 
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SEC< .ON TV 
CONCEPTUAL DESIGN 


At the conclusion of the parametric analysis, the helical coiled 
tube design was selected for further conceptual design. A design point 
representative of an advanced Brayton cycle application was specified. 
Table 4-1 shows these specifications. Using these specifications, a 
design configuration was selected as the basis for the rcmalndar of tha 
work . 


Table 4-1. Design point 

for Conceptual Design 

Working Fluid 

Air 

Inlet Temperature 

954<»C (1750OF) 

Outlet Temperature 

1371°C (250QOF) 

Temperature Difference 

417®C (750<>F) 

Mass Flow 

0.11 kg/sec (0.25 Ibm/sec) 

Inlet Pressure 

310 kPa (45 psia) 

Pressure Drop 

0.04 AP/P Maximum 

Concentrator Slope Error 

2 mrad 


A. CONCEPTUAL DESIGN CONFIGURATION 

The conceptual design selected for detailed analysis is shown in 
Figure 4-1. A parts list indicating the type of material and estimated 
weight of each part is indicated in Table 4-2. 

The design consists of a coiled silicon nitride (sintered) tube 
through which the process fluid to be heated will pass. Inserted in- 
side the coil is a silicon carbide sleeve wnich provides some thermal 
inertia to the heat receiver and acts as a buffer between the concen- 
trated rays of the sun and the ceramic heat exchanger (i.e., coiled 
tube). This sleeve also forms the cylindrical cavity of the solar heat 
receiver. The coiled ceramic tube is surrounded with rigidized "graded" 
insulation. The inner portions of the insulation are capable of with- 
standing tempertures up to 165QOC (3000°F). The outer portions of the 
insulation are made from a less expensive material capable of withstand- 
ing much lower temperatures. The difference in material composition as 
a function of depth into the insulation results in the use of the term 
"graded" . 

Ceramic to metal joints are employed to attach the coil to the 
metallic support structure of the heat receiver. These joints fit the 
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Table 4-2. Parts List 
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coil at the inlet and outlet connectiona and aupport the coil within 
the confinca of the insulation in a cantilevered nanner. Connections 
to the inlet and outlet of the ceramic coil would be made in a variety 
of ways. The concept indicated in Figure 4-1 indicates a ceramic coup- 
ling. Further discussion of attachment methods is covered farther on 
in the text . 

The preferred graded insulation is encased in a cylindrical 
shectsictal container. The rear cover of the container supports the 
ceramic coil and is reinforced with structural steel shapes which, in 
turn, are used to mount the entire heat receiver at the concentrator 
focal mount ring. The cylindrical section of the sheet metal container 
is attached to the rear cover with spring-loaded bolts. These fasteners 
will allow for sosie relative movement between the sheet metal container 
and the insulation which may exist due to thermal expansion. Insula- 
tion exposed to the weather (i.e., the area surrounding the aperture), 
would be treated with a low absorptivity weatherproof coating. The 
entire low carbon steel container would be painted to provide pro- 
tection from oxidation and sunlight. 

Figure 4-2 provides an approximate definition of the heat re- 
ceiver envelope indicating the total weight and center of gravity. 

H. RECEIVER PERFORMANCE 

I. Preliminary Design Evaluation 

a. Design Point Size and Preliminary Performance Analysis. 

Based on the design point selected, the parametric analysis computer 
code was used to select an optimum configuration for use in the con- 
ceptual design task. Table 4-3 shows the details for this calculation. 
This meets the requirement shown in Table 4-1 and has an efficiency of 
632 with a little over 3% AP/P. The helical coil is 7.5 turns of 60 mir. 
(2.33 in.) silicon nitride tube for a total length of 9.8 m (32 ft.). 

The thermal inertia sleeve runs at 1540®C (2800®F), well below the 
limit for silicon carbide. All other parameters appeared to fully meet 
the requirements. 

Two items received extra attention during this phase of the 
analysis. These were an evaluation of the convective heat transfer 
within the cavity and the selection of an optimum aperture size. 

b. Aperture Diameter Analysis. There is a trade-off possible 
between the reradiation and convective losses from the receiver cavity 
and the amount of the total incident flux which enters the receiver. A 
large aperture captures nearly all the incident flux but permits high 
losses. A small aperture has low losses but does not permit much flux 
to enter. Figure 4-3 shows the results of an analysis of efficiency 
versus aperture diameter (and thus intercept factor). It shows a fairly 
flat optimum h'jtween 170 mm (6.7 in.) and 210 mm (8.3 in.) aperture di- 
ameter. The selected aperture size of 187 mm (7.36 in.) is near the 
peak efficiency and is thus an acceptable choice for the conceptual de- 
sign. 


c. Convective Heat Transfer Within the Cavity. An analysis was 
made of the effect of convective heat transfer within the cavity. An 
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Figure 4-2. High Temperature Solar Receiver Envelope 



Table 4-3. Conceptual Dei: 
and Prelininar; 


Parameter 


Aiiiimed Concentrator Diameter 
Nominal Peak Solar Flux to Receiver 
Intercept Factor Power 
Power Entering Receiver Cavity 
Aperture Diameter 

Coiled Tube Outside Diameter 
Coiled Tube Wall Thickness 
Number of Coil Turns 
Coil Diameter (Cantar-to-Cantar) 

Coil Height 
Coiled Tube Length 

Ratio of Tube Spacing to Tube Diameter 
Receiver Overall Height 
Receiver Overall Diameter 
Thermal Inertia Sleeve Inner Diameter 
Thermal Inertia Sleeve Inner Temperature 
Coiled Tube Outer Wall Temperature 


Heat Losses : 

Through Insulation 
Cavity Convection 
Rcradiation 

Net Pi»wer to Gas 
Mas» Flow 
Efficiency 


Pressure Drop 
Approximate Weight 


GEAEP-66 




Metric 

Customary 

11.72 m 

3B.45 ft. 

91. B kW 

314000 Btu/hr 

0.90 

- 

B2.6 kW 

2B2200 Btu/hr 

1B7 mm 

7.36 in. 

60 mm 

2.35 in. 

2. 5 mm 

0.10 in. 

7.5 

- 

425 mm 

16.3 in. 

575 mm 

23 in. 

9.B m 

32 ft. 

1.31 


1 . 33 mm 

52 in. 

1 . 17 mm 

46 in. 

290 mm 

11.4 in. 

1540°C 

2B00°F 

1412°C 

2573<>F 

4.2 kW 

14400 Btu/hr 

3.6 kW 

i?500 Btu/hr 

16.7 kW 

56900 Btu/hr 

5B.1 kW 

19B400 Btu/hr 

0.114 kg/s 

0.251 Ib/sec 

0.633 


3.1% AP/P 

- 

220 kg 

490 lb 










0.70 0.75 0.80 0.85 0.9 0.95 0.97 0.98 

Intercept Factor 

Figure 4-3. Efficiency As a Function of Aperture Diameter 
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analyiiit* from work done ai part of the Solar Total EnergyLarge Scale 
Experiment at Shenandoah, GA waa used to determine the combined effect 
of wind and natural convection on the heat tranafer coefficient to uae 
in thia preaent analyais. The correlation waa baaed on experimental 
work performed on a teat prototype receiver under controlled conditiona. 

This correlation dependa on three variablea. The firat ia the 
elevation of the receiv;ir meaaured by the angle 4* Zero degreea repre- 
sents the horisontal poaition and 90 degreea repreaenta vertical with 
the cavity facing downwarda. The aecond ia the angle of the cavity 
axis with reapect to the wind, with aero degreea repreaenta the wind 
coming straight into the receiver. The third ia the wind velocity in 
miles per hour. Figure 4-4 ahowa the effect of theae three variablea 
on the heat transfer coefficient. Note that the concentrator will 
shield, or at least interfere %;ith the wind for wind angles leas than 
about 45°, and that operation at elevations less than 10-15° are not 
likely duo to low solar insolation. A value of the heat transfer co- 
efficient of 3.1 W/m^ °c (0.53 Btu/hr-ft^-°F) was used to account for 
various probable conditions. 

2. Detailed Analysis 

The receiver design was analyzed in more detail using a finite- 
clement heat transfer program that performs a steady-state heat balance 
calculation. A nodal diagram was constructed as shown in Figure 4-3, 
showing its geometric and boundary condition details used by the pro- 
gram to calculate the receiver temperature distribution profile, heat 
losses and tube-air exit temperature. Some of the features of the 
program include: 

• Heat generation due to insolation as a function of flux pro- 
file. Figure 4-6 shows a representative flux mapping of the 
dimensionless intensity ratio at various positions in the re- 
ceiver for a collectcr specification as shown. This data was 
used to provide the flux profile shown in Figure 4-7 giving 
the receiver axial distribution and the insulation top-cap (z 
= 30 in.) distribution. The incident radiation in BTU/hr is 
given as : 

Qinc ■ 0.982 x (area, in^) x (J/pI) 

• Convection heat transfer by natural convection and natural 
circulation within the receiver cavity. 

• Conduction, accounting for thermal conductivity variations 
with temperature. 

• Sleeve radiation losses through the aperture using Script-FA 
matrix techniques. 

• Sleeve-tube-insulation radiation heat transfer. 

• Fluid flow and heat-pickup analysis, with air flow temperatures 
calculated incrementally along the length of the tube. 


Koenig, A. A. and Marvin, M., "Convective Heat Loss Sensitivity in Open 
Cavity Solar Receivers", General Electric Co. To be Published. 
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Figure 4-5. Receiver Nodal Diagram for Steady State 
Transient Heat Transfer Analysis 











J/pI, Intensity Ratio, dimensionless 
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Figure 4-6. Representative Flux Mapping of Receiver 
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at R"14.5 cm (5.7 in.) 
(Thermal Sleeve) 


Z, (axial distribution) 




at Z“76 . 2 cm (30 in . ) 
(insulation top cap) 


/ R, (Radial Distribution) 


Aperture 
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a. Steady State Temperature Diwtribution. For a aolar ’nflux 
Ilf 91.8 kW and a 0.9 interception efficiency, with O.ll kg/acr. 1.244 
Iba/Hec) of air entering at 934**C (1730^P), the atcady atatc tempera- 
ture profile of the receiver ia aa ahown in Figure 4-8. Average tube, 
aleeve and inaulation temperaturea are plotted axially, and air tem- 
poraturea inaide the tube are alao ahown. Figure 4-9 ahowa a typical 
receiver radial temperature diatribution . 

On the average, a 167**C (300°F) drop ia aeen between the thermal 
inertia aleeve and the tube, whereaa tube and inaulation temperaturea 
follow closely due to low inaulation loaaea. Air exit temperature ia 
1378°C (2313^F), comparing well with preliminary deaign expectationa . 

The higheat insulation temperatures were seen inside the thermal 
sleeve (top cap of insulation) at 1474°C (2683°F), well within insula- 
tion capabilities. 

b. Heat Losses. The receiver heat-balance is shown in Table 
4-4 which details losses through the insulation, reradiation through 
the aperture and cavity convection, in addition to gas heat pickup. 

The results are compared to the preliminary analysis using the design 
program. 

Higher reradiation losses than in the preliminary design analysis 
are seen as expected due to nonuniform sleeve temperatures, whereas 
insulation losses were lower when insulation detail was considered. An 
overall efficiency of 62.2% is calculated, including the 90% incidence 
factor of the aperture (intercept efficiency). 

A cavity convection coefficient of 3.12 W/m^-®C (0.35 Btu/hr- 
f( 2 - 0 p) used, calculated as an average for operating conditions 
(wind at 8-16 km/hr (5-10 mph), and 25°-550 elevation). Convection 
losses through natural circulation in the cavity are significant, with 
an air flow of approximately 0.0018 kg/sec (0.004 Ibs/sec) (*>< 1.7% of 
design flow) pumped through the cavity and exiting at close to sleeve 
temperatures (1538®C ('v 2800®F)). 

c. Pressure Drop Calculation. Table 4-4 alao shows the pres- 
sure drop calculation results for the receiver, using air-temperature 
detailed results from the steady-state analysis (Figure 4-8). A 3.3% 
pressure loss is experienced in the coiled tube section for an air in- 
let pressure of 3 atmospheres. If inlet and outlet tube sections are 
included the pressure loss for the unit becomes 3.8% AP/P (1.67 psi). 

d. Effect of Thermal Inertia Sleeve. The high re radiation 
losses through the aperture, along with the high 169°C (*v 300°F) tem- 
perature differential between the sleeve and the tube indicate that 
higher receiver efficiencies may be obtained by removing the thermal 
inertia sleeve and radiating directly onto the tube. Lower cavity 
temperatures will reduce aperture losses appreciably due to the fourth- 
power-law radiation loss. 

The design program was modified to simulate the no-sleeve case. 
For the 91.8 kW concentrator input and 0.9 interception efficiency, re- 
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Table 4-4. Heat Loaa and Efficiency Comparison 


Parameter 

Units 

Parametric 
Analysis Computer 
Code Results 

Detailed Steady 
State Heat 
Transfer Analysis 

Power Reflected from 

kW 

9: 

L.8 

Concentrator 




Power Entering Aperture 

kW 

82.6 

0 90% Incidence Factor 




Losses: Through Insulation 

kU 

4.2 

2.6 

Cavity Convection 

kW 

3.6 

3.5 

Rarsdiatlon 

kW 

16.7 

19.4 

Total Losses 

kW 

24.5 

25.5 

Net Power to Gas 

kW 

58.1 

57.1 

Efficiency 

% 

63.2 

62.2 

Pressure Drop, Coil Alone 

% AP/P 

3.1% 

3.3% 

Pressure Drop, Lntire Unit 

% AP/P 

«• 

3.8% 
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ceiver over-all efficiency went up to 68. 8X, up by 8.7X froM the alaeve 
caae. The efficiency gain ia due to lower aperture loaaea in addition 
to lower cavity convection loaaea for the wider cavity at lower teaipera- 
turea . 


The increase in efficiency ia certainly deairable, but the need 
for the sleeve is also based on other critical considerations. The 
sleeve improves transient response capabilities by shielding the tube 
against thermal shock during abrupt insolation jumps. The large sleeve 
mass also imprc.res receiver thermal energy storage capacity in case of 
passing cloud cover. It becomes critical in providing system response- 
time in case ot loss-of-flow transients. Receiver transient response 
is analyzed in a subsequent section (V-C.). 


3. Of f-Df.'sign Performance Analysis 


a. I ntroduction. The performance at the design point for the 
high temperature solar receiver is presented in Section III-D. It is 
of interest to investigate how the efficiency, pressure drop, etc. 
change with the values of mass flow rate, fluid pressure, and tempera- 
ture. For the off-design performance analysis the range of values in- 
vestigated are as follows: 


Mass Flow Rate 
Inlet Fluid Pressure 
Inlet Temperature 
Outlet Temperature 


0.09-0.14 kg/sec (0.2-0. 3 Ibm/sec) 
2-8 atmospheres 

♦ 83°C (+ 150°F) 

♦ 83<>C (♦ 150OF) 


Ttie analysis was performed by systematically changing only one variable 
at a time while other parameters were held constant at the design point. 


b. Influence of Mass Flow Rate, The change in mass flow rate 
through the receiver (0.09-0.14 kg/sec) is associated with change in 
input power level to the receiver which varies from 80 kW to 115 kW 
thermal. As the mass flow rate increases, the tube inside film coeffi- 
cient increases giving a higher heat transfer rate. Thus the receiver 
efficiency and the output power increases as the flow rate increases, 
as can be seen in Figures 4-10 and 4-11, The pressure drop across the 
coil which is dependent on the fluid velocity head increases as mass 
flow rate increases. From the receiver efficiency standpoint, it is 
advantageous to operate the receiver at high mass flow rates and input 
power levels. The resulting high value of Ap/p can be reduced by op- 
erating the receiver at higher pressures (see Section IV-B-3-c). 


c. Influence of Inlet Fluid Pressure. The inlet fluid pressure 
was varied from 2 to 8 atmospheres while the input power level and the 
fluid temperatures were held constant at the design values. For con- 
stant mass flow, and as a firs": approximation, the conventional re- 
lationship for pressure drop is directly proportional to the specific 
volume of the fluid. For a perfect gas, the pressure drop is therefore 
inversely proportional to the pressure level, and the fractional pres- 
sure drop is given by the following relationship. 


P 
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Figure 4-10. Off-Design Perforoance as a Fmction of Mass Flow Rate 
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Thut, in Figure 4-12, the coaputed variation of AP/P ia plotted aa a 
function of inlet fluid preaaure. (AP/P) decreaaea rapidly at aaMll 
valuea of P and becoaiea aayaptotic at higher preaaurea. Thua, in 
order to reduce (AP/P) and conacquently the operatir*. coat, the fluid 
preaaure ahould bo Maintained aa high aa poaaible without inducing 
exceaaive mechanical atreaa in the tube. The receiver efficiency and 
maaa flow rate are not affected by the preaaure level. 

d . Influence of Exit Fluid Temperature With a Conatant AT Acroaa 
Tho Coil (417 ^ c) 7 The exit gaa temperature waa changed from 1232°C to 

keeping the fluid AT acroaa the coil at 417®C (750®F) and the 
power level at 91.9 kW thermal. Aa the exit gaa temperature ia increaaed 
there in a proportional increase in the aleeve inaide temperature which 
increases the losses due to radiation and convection. Thua at conatant 
input power level, the heat loss increases aa the exit gaa temperature 
increases and consequently the useful heat transfer rate to the gas is 
reduced. Thus the efficiency decreases with increase in gaa tempera- 
tureas shown in Figure 4-13. Fur{hermore, since At ia held constant, 
with the decreased power output (mCpAT) the mass flow rate and hence 
the pressure drop decrease with increase in gas temperature as also 
shown in Figure 4-13. 

G • Influence of Fluid Temperature Rise Across the Coil. At a 
constant input power level, the variation of efficiency, mass flow rate 
and pressure drop as a function of temperature rise across the coil 
(AT) arc shown in Figures 4-14, 4-lS and 4-16. In this study the exit 
gas temperature is an independent parameter. 

At a constant exit gas temperature, the aleeve inner temperature 
and the receiver heat loss increase slightly as At increases. Thua the 
drop in efficiency is very small since the input power ia conatant, the 
output power follows the same trend as efficiency. The mass flow rate 
and consequently the pressure drop decrease as At increases (Figure 
4-15 and 4-16). 

As the exit gas temperature is increased, there is a proportional 
increase in sleeve inner temperature which increases the receiver heat 
loss. The AT has no significant influence on the efficiency. 

C. MATERIALS SELECTION AND EVALUATION 

1. Introduction 

The key components of the receiver are made out of engineering 
ceramics. Consideration of the brittle behavior and shock resistance 
are the prime material property parameters to be addressed. 

Brittle behavior is best controlled by careful processing to 
limit and minimize structural defects which in turn control the usable 
strength of the material and then designing the component to be stressed 
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Figure 4-14, Performance as a Function of Temperature Rise, 
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Figure 4-16. Effect of Temperature Variations on Pressure Drop 
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at strength levels considerably below measured values. Statistical 
studies of such brittle materials have been made using Meibull statis- 
tical data that can predict strength behavior to the 99.99X confidence 
level. This approach is being actively used to utilize structural 
ceramic components in heat engines such as gas turbines, Stirling en- 
gines, diesel engines, both regenerative and recuperative heat ex- 
changers, etc. 

Thermal shock resistance is described theoretically by considering 
strength, (o), thermal conductivity, (k) and Youngs modulus (Y) such 
that a thermal shock parameter: 


T 


a 


ok 

Y 


is as large as possible. 

These further limitations of strength and thermal shock resistance 
narrow the choices of materials of construction of the components in- 
cluding the heat exchanger helical coil, thermal sleeve, and pressure 
seals to silicon nitride, silicon carbide and mullite ( 3 Al 203 « 2 Si 02 ) 
which are the materials choices settled upon for heat engine applica- 
t ions as well. 

Finally, the insulating system was considered combining the 
parameters of melting point, thermal conductivity, structural weight, 
strength, and cost. 

2. Component Parts 

a. Helical Coil and Pressure Sleeves. The choice of materials 
for these components as mentioned earlier are the silicon nitrides or 
carbides and possibly m'jllite. With the exception of mullite, there is 
also a question of which particular composition to choose from a rather 
vast range even within these two generic groups of materials. When one 
considers properties, fabricability , and expected performance however, 
there appears to be some distinctive reasons for selecting the silicon 
nitride rich sialons. Briefly, while the silicon carbides are sinter- 
able and shot; high conductivity and strength, the higher thermal expan- 
sion (6.2 vs. 3 to 3.3 X 10"^/°C for silicon nitride) and the lower 
modulus (60 x 10^ vs. 35 x 10^ psi for silicon nitride), the fracture 
behavior, and the degradation mechanism(s) in reducing atmospheres 
appear to be causes for concern mitigating against their choice in this 
application. Further, it is the high silicon nitride sialons which are 
formable and sinterable by essentially conventional ceramic techniques 
which add to their status as the material of choice for these applica- 
tions . 


The third material considered for this applicaiton, mullite, 
also does not compare favorably with sialon when thermal expansion (5.3 
X 10~^/°C) and thermal conductivity are compared although it is an 
easily fabricated, conventional, and inexpensive oxide ceramic material. 

Typical intrinsic properties of GE128 sialon recently developed 
at the General Electric Sp^ce Science Laboratories and considered the 
prime material of choice for these applications are shown in Figures 
4-17, 4-18 and Table 4-5. Figure 4-19 shows how a Weibull analysis 
shifts strength parameters down to about 50Z of their measured value to 
reach a 99.99% confidence level of performance. 
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Figure 4-17. 


Thermal Conductivity of Hot Pressed Silicon Nitride and 
Selected Si^_ Al^O^Ng where x"1.5i 3 and 4 after Rao» 
Kokhtev and°Lockman, ^'^Isctrlcal and Thermal Conductivi- 
ties of Sialon Ceramics," Dept, of Materials Science and 
Eng., Univ. of Florida, Galnsville, Fla. 32611 



Figure 4-18. Thermal Expansion of GE-128 Sialon, Hot Pressed and 
Reaction Bonded Silicon Nitride 
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Figur- 4-19. Rupture Strength of GE 128 Sintered Silicon-Nitride 
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b. Thcrauil Inertia Sleeve. The thermal inertia aleeve is the 
first refractory component to receive the solar energy flux. It must 
1)0 refractory, have high cmissivity, good thermal shock resistance, 
liigh thermal conductivity, and moderate cost. From previous discus- 
sions, silicon nitride or a sialon would be a good choice for this 
component also, except that such a massive part is presently beyond the 
state-of-the-art. It is recommended then that the thermal iner*.i| 
sleeve be a purchased part fabricated ftjn Norton Company Crystar* 
silicon carbide. Typical material properties of this material are 
shown in Table 4-6. 

c. Thermal Insulation Numerous kinds ( compos i tic os ) and shapes 
of materials are available commercially for use as thermal insulation. 
Examples are mica in flake form, asbestos, glass, oxide and mixed oxide 
fibers, and glass and mixed oxide hollow spheres. For this program, we 
have selected two generic fibrous insulations. One type, useful to 
1260°C (2300°F), consists of roughly equal (52 w/o: 48 w/o) parts of 
alumina (AI2O3) and silica (Si02) and is commonly made from .1 high pur- 
ity kaolin clay. The other type consists of 95% AI2O3 and 5‘i Si02 and 
is useful to 1650®C (3000°F). The former material is variously marketed 
as Kanwool"'\ Barikaid®, and Fiberfrax® depending on the manufacturer. 

The high alumina fiber is made by only one firm under the tradename 
Saffil®, and is available through Babcock and Wilcox in the U.S. 

Fibrous thermal insulation depends on small, enclosed pockets of 
.iir or gas which retard heat flow. Each pocket must be small enough to 
alow convective heat flow and the heat flow path must be long and cir- 
cuitous to minimize conduction. In addition the fibers should be opaque 
to reduce radiative heat flow. 

The availability of fibrous insulation as loose fibers, felt, 
semi-rigid or rigid board presents the engineer with a design versa- 
tility that many materials cannot match. For example, heat losses can 
be controlled not only by the inherent thermal conductivity of a ma- 
terial, but in the case of fibrous materials, also by the density to 
which the fibers are packed. 

Fibrous insulation forms the conical large opening in the solar 
receiver. This surface is thus not naturally highly reflective and may 
require a highly reflecting (or at least low absorbtivity ) surface 
coating to reduce heating and to perhaps reflect some energy in this 
area. Coatings and glazes are readily available for this application. 

A dense alumina wash, followed by a highly reflecting refractory glass 
coating would be fired on the conical surface to form a thin dense 
reflecting skin. 

Fibrous insulation will form che mechanical and structural member 
which may have to support the helical coil in position within the solar 
receiver through welded protrusions. These fibrous protrusions may not 
have adequate compressive strength to carry the expected loads (al- 
though in the present design they can). If necessary, means are avail- 
able to reinforce these pressure areas. An alumina wash would be ap- 
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Chomical Conatituenta 

Recrystallized silicon 
carbide (. 99 % pure) 

Maximum Use Temperature 
(in oxidizing atmostphere) 

3200Op 

176QOC 

Bulk Density (typical) 

162 Ibs/ft^ 
4.6 g/ec 

Apparent Porosity (typical) 

18% 

Thermal Conductivity 

1000°F 
1 5000 F 
2300Op 
2900OF 

180 BTU/hr/aq ft/in./po 
165 BTU/hr/aq ft/in./po 

145 BTU/hr/sq ft/in./F® 
135 BTU/hr/sq ft/in./po 

Specific Heat 

.15 @ room temperature 
.35 0 3000Op 

Electrical Resistivity 
at room temperature 
at 60QOC (11 loop) 

100 ohm-cm 
0.3 ohm-cm 

Modulus of Elasticity 

30 X 10^ psi 

Crushing Strength 

100,000 psi 

Modulus of Rupture 

at room temperature 
at 1500°c (27300 k; 

14.000- 18,000 psi 

18.000- 22,000 psi 

Linear Thermal Expansion 

4.8 X 10-6 per oq (30-15OO) 
2.7 X 10"6 per °F (70-2600) 


From Norton Data 
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pUiul to tlieco protruHionn and fired tu form a atrong thin layer of 
d«*nK«> /iliimina. Thia r<< inforcemont would serve to spread the anti*- 
i'ip/iled compresKivc loads over a large area so that adequate siechanical 
niipport ttould be available. 

I). MECHANICAL DESIGN 

For purposes of discussion, the heat receiver conceptual design 
an shown in Figure 4-1 is broken down into five (5) major components. 
These components are as follows: 

• The Ceramic Coil (heat exchanger) 

• The Thermal Inertia Sleeve 

• The Pre-formed Insulation 

• The Outer Casing and Support 

• The Ceramic Joints 

1. Ceramic Coil 

The ceramic coil is fabricated from sintered silicon nitride. 

Th<* coil geometry, along with some dimensional data, is shown in Figure 
4-20. The coil was computer-modeled and stress-analyzed at operating 
pressure and temperature. With the inlet and outlet ends of the coil 
fixc>d in space, stresses were computed with the coil in various atti- 
tude.s. Since the stresses were relatively low (see Engineering Analy- 
sis Section IV-E), it was decided that mounting the coil from the inlet 
and outlet connection couplings and allowing freedom for the coil to 
expand thermally in all directions would be desirable. The ceramic 
couplings would be joined to the coil prior to assembly of the coil 
into the heat receiver. The metallic-to-ceramic external type of seal 
would be brazed to the ceramic coupling after the couplings are joined 
to the end of the coil. 

The ceramic tubing wall thickness was selected as being adequate 
for extrusion. The spacing between coil turns will allow insertion of 
a mold for .:oil support during the "green" state of fabrication. Long 
sweeping radii at the junction of inlet and outlet sections with the 
coil arc indicated to facilitate ease of fabrication. 

2. Thermal Inertia Sleeve 

The thermal inertia sleeve is of cylindrical shape and fabricated 
from silicon carbide (SiC). The sleeve acts as a thermal buffer between 
the sun's rays and the coiled ceramic heat exchanger and also provides 
some mass for thermal energy storage. The sleeve is piloted at each 
end into the graded thermal insulation which surrounds the heat exchanger. 
Clearance for axial and radial thermal expansion of the sleeve with re- 
spect to the rigidized insulation is provided. Stress analysis indicates 
a reasonable steady state thermal stress for the selected 12.7 mm (O.S 
in.) thick sleeve. Thermal stresses due to transient type startup 
conditions are, of course, higher than steady state values; however, 
they are within established stress limitations for SiC. A reduction in 
sleeve thickness to reduce possible transient thermal stresses would be 
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dep«ndent upon fabrication requiroaenCa and linitationa. Thia auittar 
ifould ba invaacigafced further in future deaigna. 

3. Pre-forawd Inaulation 

The theraial inaulation conaista of three (3) pre-foraMid graded 
(i.e., varioua aiateriala) aectiona; naawly, Che front conical aection, 
aiidcyi indrical aection and rear diac aection. The front and rear aec- 
tiona contain pre-formed pilota to accept the thermal inertia aleeve 
and provide ita aupport . The rear aection ia aplit through the center- 
line of the coil inlet and outlet tubca to facilitate aaaembly of the 
heat receiver. The mid, hollow cylindrical aectiona contain three 
internal teeth running in a longitudinal direction. The height of 
theec teeth ia auch that no contact between them and their ceramic coil 
exiata at ambient temperatures (i.e., clearance exiata). When the coil 
reaches normal operating temperature the clearance is reduced to aero 
and the insulation can act as a partial support for the coil. A cold 
clearance of l.d nan (0.070 in.) ia required and ia indicated on the 
conceptual drawing. Axial cold clearance between the ceramic coil and 
the front conical insulation section ia 4.6 mm (0.180 in.) aa indicated 
i(i the conceptual design. 

Since it will not be possible to control the ceramic coil di- 
mensions to tolerances which would permit actual aupport of the coil by 
Che iasulation at operating temperature, the inaulation configuration, 
as described above, will serve mainly to limit deflections produced by 
shock loads or other imposed rapid accelerations. 

The front conical section of insulation forms the receiver ap- 
erture and supports the total weight of the thermal inertia sleeve. A 
weatherproof coating would be applied to the surface in Che aperture 
area as indicated on the drawing. This coating would prevent the en- 
trance of water, etc,, into Che porous insulation structure. 

4. Outer Casing and Support 

As indicated in Che parts list, Che outer casing consists of a 
Cop cover and outer shell. The casing would be fabricated from mild 
steel sheet metal. The top cover is reinforced with structure steel 
shapes and incorporates supports utilized to attach the solar receiver 
to the concentrator focal mount ring. The top cover is attached to Che 
cylindrical shell via spring-loaded fasteners so Chat thermal expansion 
of Che rigidized insulation, with respect to the casing, may be com- 
pensated for. The top cover employs an elastomer-type weathertight 
seal between itself and the shell. The configuration as outlined above 
allows dismantlement of Che solar receiver from Che operating end for 
coil inspection, etc., without disturbing Che coil or its connections 
to Che inlet and outlet Cubes. Temperature sensing devices, etc., 
which might be attached to the ceramic coil and lead out through the 
top cover would also be left in place during inspection. 

Without the knowledge of what ocher pieces of process equipment 
or machinery might be located at the focal point, it is difficult to 
determine how the solar receiver should best be supported. The mounting 
design must be integrated with the over.all focal mounted system. 
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5. Oramic Joints 

Ceramic joints consist basically of two types (i.e., a ceramic* 
to-ceramic and ceramic*to*metal) . Both of these types of joints could 
be employed in the high temperature receiver design. The conceptual 
design indicated in Figure 4-1 utilizes ceramic -to-ceramic joints to 
attach couplings to the inlet and outlet tubes of the coiled heat ex- 
changer. The inlet gas coupling could be made with a glass-type joint 
due to the relatively low temperature (954°C). The outlet gas coupling 
would be attached to the tube with a ceramic phase bonded type joint 
capable of operation at 1371*^C (2500^F). The ceramic couplings serve 
two purposes. The first is to provide a means to attach to the inlet 
and outlet connections and the second is to support the heat exchanger 
coil in the axial directions. The conceptual design indicates one pos- 
sible method for transferring the coil load through the ceramic coupling 
to the rear support structure. In this design the rear insulation disc 
is used to support the coil laterally and thus remove bending moment 
loads from the ceramic coupling. The coupling, therefore, when attached 
to the support structure sees only axial loads. Attachment of the cera- 
mic couplini^ via metallic parts must be at a diameter where the tem- 
perature in the ceramic has been decreased to a value where superalloy 
mctallicB are usable. To determine this a finite element computer model 
of a typical ceramic coupling was prepared and the temperature profile 
for the two couplings (i.e., inlet and outlet) determined, From this 
data approximate diameters, at which metal and ceramic interfaces could 
be established, were determined. See Figure 4-21 and Figure 4-22. 

Alternate methods of attaching the ceramic coupling to the rear 
support structure utilizing a brazed ceramic-to-metal joint are indi- 
cated in Figure 4-23 and Figure 4-24. In both cases bending moment 
loads are taken by the rear insulation disc. In a brazed ceramic-to- 
metal joint, the metallic material selected should have a coefficient of 
thermal expansion at operating temperature as close to the ceramic ma- 
terial as possible. Although materials such as Kovar are utilized in 
many ceramic-to-inei:al seals, operation at temperatures in the 700-870°C 
( 1300-1 600*^F) range for such joints has not been proven. The alternate 
concepts as indicated would require developmental testing, etc., before 
they could be employed in any solar receiver design. 

Without the knowledge of what process equipment or machinery 
might be mounted at the focal point and coupled to the solar receiver, 
it is difficult to determine what type of connections to ti;*=! ceramic 
coil are necessary. Figures 4-25, 4-26 nnd 4-27 indicate some concep ■ 
tual designs for consideration . 
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Figjre 4-21. Typical Ceramic Coupling Temperature 
Profile 954°C (HSO^F) Gas 
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e. ENGINEERING ANALYSIS 

1. Mechanical Design Analysis of Receiver Coil 

Introduction . The key to the successful operation of the 
solar receiver is the ability to design a mechanically sound solar re- 
ceiver coil which can operate at high temperature and pressure. Engine- 
ering analysis has been performed on the coil to insure the basic struc- 
tural integrity of the design through the use of finite element analy- 
sis . 


b. Computer Analysis. The stress analysis of the receiver coil 
is accomplished by using the MASS program* developed by the Aircraft En- 
gine Group of the General Electric Company for static and dynamic redun- 
dant structures. This program is currently being used to design and de- 
velop different aircraft engine components. 

The MASS program can be described as an elemental or lumped para- 
meter approach for the analysis of redundant structures. Stresses, 
loads and deflections arc obtained for mechanical loadings (including 
maneuver), thermal loadings and to a limited extent sinusoidal forcing 
functions. Finding critical frequencies and mode shapes is another 
function of the system. 

Any solid three dimensional structure can be divided into a large 
number of geometrically simple elements. If the stiffness matrix of the 
individual elements can be determined, then the total structure can be 
analyzed by Che matrix method of structural analysis. In the analysis, 
nodal displacement continuity is demanded from one element to another. 
Further the structure must follow Hooke's Law and it must be within 
small deflection theory. 

c. Computer Model. The finite element model of the coil is 
shown in Figure 4-28. Each coil is divided into four 90° tube segments. 
The coil is modeled in 3-dimensio«'al X-Y-Z system as shown in Figure 
4-29 with Che coil axis as Y axis and Che coil ends are located in Che 
X-Y plane. The connection from Che vertical tubes to the helical coil 
are achieved through appropriate tube bends with a specified center of 
curvature. The coil end view is shown in Figure 4-30. The coil is 
divided into 37 segments. The boundary conditions are: 

1. The coil ends are fixed: 

a. The linear deflections along X,Y and Z axes are zero. 

b. The rotation about X, Y and Z ^xes are z ro. 

2. The coil is subjected to a uniform internal pressure of 3 
atmospheres along the length Che coil. 


*MASS System-The computer program for General Redundant Structures with 
Vibratory and General Static Loading, by L. Beitch, Aircraft Engine 
Division, Cincinnati, (Miio. 
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Figure 4-28. Finite Element Model of the Coil 
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Figure 4-29. Coordinate System for the Coil 
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3. The temperature distribution along the length of the coil is 
shown in Figure 4-31. This information was obtained from the 
detailed thersial analysis of the receiver. 

The physical properties of the coil material used in the program are; 

Density ■ 1.73 kgm/m^ (0.108 Ibs/in^) 

Young's Modulus ■ 234.4 GPa (34 x 10” Ibs/in^) 

Shear Modulus ■ 91.0 GPa (13.2 x 10^ Ibs/in^) 

Thermal Coefficient of Expansion ■ 3 x 10"^/®C (1.67 x 10"® /®F) 

Results . As the collector tracks the sun, the orientation of 
the coil axis with respect to the horisontal changes with time. The 
optimum orientation of the coil in the receiver has to be selected for 
minimum stress in the coil. The stress analysis is performed for the 
following cases. 

Case 1. Coil vertically hanging, down from the supports. 

Case 2. The coil ends are fixed at 3 o'clock and 9 o'clock posi- 
tions so that the gravitational force due to self weight 
acts in the *Z direction. 

Case 3 The coil ends are fixed at 6 o'clock and 12 o'clock 

positions so that the gravitational force due to self 
weight acts in the ■•’X direction. 

Table 4-7 shows the reaction load and moment and maximum deflec- 
tion and stresses for all the cases. Case 1 is basically a theoretical 
study and in practice it does not occur. The stress distribution along 
the length of the coil for Cases 2 and 3 are shown in Figure 4-32 and 
4-33. From a maximum stress point of view, Case 2 is recommended. 

Furthet , since the combined stress and reaction moment at support points 
are approximately the same, the coil support design can be made the same 
at both ends. For Case 2: 

Maximum Combined Stress (local) « 13.87 MPa (2011 psi) 

Maximum Radial Expansion ■ 1.88 mm (0.074 in.) 

Maximum Axial Elongation ■ 4.394 mm (0.172 in.) 

The maximum coil stress is less than the allowable stress of 86.18 MPa 
(12500 psi) and hence it is safe. A computer plot of the superimposed 
deflection drawing of the coil is shown in Figure 4-34. The coil is 
fixed at its ends and freely hung inside the hollow cylindrical insula- 
tion. Sufficient clearance is given between the coil and the insulation 
both in the radial direction and at the bottom so that the coil can 
freely expand and come in contact with the insulation which provides the 
support to the coil only while it is at the operating temperature. Thus, 
it is implied that the coil is supported only from its ends when the re- 
ceiver is cold and sufficient care should be taken that the receiver is 
not subjected to impact loading and excessive vibration while it is be- 
ing transported and mounted over the collector. 
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Figure 4-3i . Temperatu- ^ Distribution Along the Length of the Coil. 







Table 4-7. Coil Reaction Loads, Cooibined Stress 
and Deflection Data 
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Total Weight ■ 15.5 kg (34.14 lbs) 



Case 1 

Case 2 

P Case 3 


kg 

lbs 

kg 

lbs 

ks 

lbs 

X Load (3/)* 

6.21 

13.7 

6.44 

14.2 

-1.77 

-3.9 

X Load (38) 

-6.21 

-13.7 

-6,44 

-14,2 

-13.79 

-30.4 

Y Load (37) 

1.90 

4.2 

1.86 

4.1 

3.63 

8.0 

Y Load (38) 

-1.90 

-4.2 

-1.86 

-4.1 

-3.63 

-8.0 

Z Loa i (37) 

0.24 

0.52 

-7.1/ 

-15. fl 

0.25 

0.55 

Z Load (38) 

-0.24 

-0.52 

-7.17 

-15.8 

-0.25 

-0.56 


N»m 

Ibf-in. 

N*m 

Ibf-in . 

N»m 

Ibf-in. 

Moment: X (37) 

-1.39 

-12.3 

42.1 

373.0 

-1.68 

-14.9 

Moment X (38) 

1.36 

12.0 

60.6 

536.0 

1.48 

13.1 

Moment Y (37) 

-0.21 

-1.9 

12.3 

109.0 

-0.80 

-7.1 

Moment Y (38) 

-0,78 

-6.9 

-14,2 

-126.0 

-1.32 

-11.7 

Moment Z (37) 

50.4 

446.0 

51.7 

458.0 

7.46 

66.0 

Mr>ro<mt Z (38) 

-41.2 

-365.0 

-42.8 

-379.0 

-103.0 

-911.8 

** 

cm 

in . 

cm 

in . 

cm 

in . 

Max. Radial Expansion 

0.175 

0.069 

0.188 

0.074 

0.127 

0.050 

Hax . Axial Elongation 

-0.447 

-0.176 

-0.439 

-0.173 

-0.450 

mm\ 


MPa 

psi 

MPa 

psi 

MPa 

psi 

Max. Combined Stress 

11.9 

1726.0 

13.87 

2011.0 

16 80 

2437.0 

Cfwibi ned Stress (37) 

8.38 

1216.0 

11.06 

1604.0 

2.37 

344.0 

Combined Stress (38) 

7.04 

1021.0 

12.34 

1790,0 

16.80 

2437.0 









* 

See Figure 4-28 for location of Nodes 37 and 38. 

A* 

See Figure 4-34. 
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2. Control Syntea 

At in noot Brayton tytteii, the heat source (receiver) operational 
controls are slaved to the overall process control. 

Sytten flow is varied so as to provide a scheduled teaperature 
and pressure at turbine inlet, or a scheduled temperature for catalytic 
reaction applications. Receiver controls will have to detect dangerous 
conditions and initiate shutdown. 

The moat severe transient is seen in the loss of flow case start- 
ing at full power conditions, with full insolation. The transient analy- 
sys (described in Section V-C) shows that some 2-minutes arr; available 
before receiver temperatures reach dangerous levels where material dam- 
age occurs. It is important that, once detected, the collector tracking 
system be able to dcfocus in that time period. 

Loss of flow transients will be detected by system sensors (at 
turbine inlet, etc.) as a loss of pressure transient, and system shut- 
down (including collector defocusing) initiated. 

Similarly, a high air exit temperature that could result in damage 
to the receiver tubes (and other system components) will be detected by 
system temperature sensors and air flow increased to lower the exit tem- 
perature. If air flow cannot be increased, overtemperature limits will 
be reached and the collector is defocused. 

For normal startup and shutdown, the system controller will vary 
the flow and inlet pressure to accommodate turbine or process require- 
ments, taking into consideration the rather slow response of the re- 
ceiver (approx. 15 minutes from ambient to hot temperatures with full 
insolation and no air flow, and longer with cooling air flow). During 
startup, inlet air temperature scheduling is important to avoid thermal 
shock to the hot receiver tubes (if receiver is heated first before flow 
is started) or the optimum temperature -time schedule chosen if flow is 
concurrent with insolation to reach steady power operation. 

Large leaks in the receiver will result in a pressure drop de- 
tected by the system sensors initating shutdown. Small leaks would not 
be disastrous to the receiver, but would discharge hot gases into the 
field. Since natural air circulation pumps around 0.0018 kg/sec (O.OOA 
Ibs/sec) or 1.7% of design flow of air into the field at close to sleeve 
temperatures, small leaks of this order would be tolerable, but hard to 
detect . 


In any case, receiver protection can be directly ensured by moni- 
toring sleeve and tube temperatures at several points and activating 
shutdown mechanisms in case of overtemperature 1538^0 (2800°F) for tube, 
1649®C (3000°F) for sleeve, leaving a safety margin to allow for control 
system response time. Thermocouple* such as iridium/ iridium 60Z rhodium 
40Z or various platinum-rhodium types can be used for temperature measure- 
ment in this range. 
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Receiver conCroli deeign ueeda Co be inveatigated with overall 
ayaCeai controla deaign and operational requireaenta . The only receivrr- 
initiated actiona reaulc fro* alceve or tube overteaperature, whereaio 
other probleaa are detected elaewhere before they can affect the re- 
ceiver. 


A high eaphaaia on reliability of «rontrola and collector track- 
ing-dcfocuaing capability ia Aded due to the irreveraible damage fail- 
ure mode of the receiver. Tnc control ayatem deaign alao haa to con- 
aider the tranaiont reaponae of Che receiver (Section V-C) coupled with 
other ayaten components in aaauring adequate, aafe ratea cf control. 

F. ADAPTABILITY TO DIRECT CHEMICAL REACTIONS 

1. Introduction 

There are many reactions possible using high temperature energy. 
These include the production of fuels, such as hydrogen or methane, the 
production of chemical feed stocks, such as ammonia or sulphuric acid, 
and the generation of storable and reversible chemical mixtures, such as 
reforming steam to form CO and hydrogen. 

In order to make efficient use of high temperature energy, it is 
almost essential Co perform Che reactions directly in the receiver. The 
losses and expense of ducting hot gasses from dispersed concentrators Co 
a central chemical plant would cause the economics and efficiency of 
this type of solar energy to be unacceptable. 

In order to perform the reactions directly in the receiver, two 
items need study. First, since most reactions require a catalyst, the 
placement and replacement of catalyst must be studied. Second, a rea- 
sonably efficient recuperator is needed so that most of Che solar energy 
can be used to drive the reactions and not simply heat the reactants. 
These are the two areas investigated in this study. 

As an example only, and not with the idea that this is Che pre- 
ferred application, the steam reforming reactions were used. This set 
of reversible reactions is currently used to generate hydrogen, and has 
been extensively studied for long distance transport of thermal energy 
between nuclear reactors and users. The two reactions arc: 

CH 4 + H 2 O * JH 2 ; AH - 205 kj/mole 

CH 4 ♦ 2 H 20 ^ CO 2 + 4 H 2 ; AH - 163 kJ/mole 

The reactions tend to go to the right at high temperature and low pres- 
sure. At 30 atmospheres pressure Che reaction goes nearly to completion, 
with approximately 0.5X of the methane unreacted. At 3-8 atmospheres, 
almost none of Che methane remains. Temperatures required are around 
1000*^0 (1830®F). At the 58 kW power level of the conceptual design re- 
ceiver, about 67 Nm^/hr of hydrogen would be produced. 
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2. Catalynt Placement and Replacement 

In direct chemical reaction applicationa, the catalyat can be 
placed in the receiver tube, either aa a pebble-filling or a film coat- 
ing on the inaide walla. The pebble-filled tube will contain enough 
catalyat to reduce the need for replacement, but reaulta in a much in- 
creaaed presaure drop (that may not be a great problem for thia type of 
application). However, the increased weight of the receiver and the 
resulting atresaca on the tube supports arc undesirable. 

Catalyse coating of the inside walla of the tube ia the preferred 
technique, and this can be achieved by chemical vapor disposition. Uni- 
form coating of the tube would be hard to achieve, but is not needed in 
this case. In the case of the steam reforming application, the reaction 
happens so fast that it is usually hcat-rate-limited (rather than cata- 
lyat-aroa-limited) . In applications where a larger catalyst area is 
needed, new inaide-f innc<^-tube configurations are possible providing a 
larger area. 

For catalyst replacement, the receiver unit will have to be dia- 
aaaembled in-ahop and the receiver coil replaced by a fresh-coated coil. 
The old coil can then be chemically cleaned and rccoatcd for later use. 
Replacement rates will depend on the type of application, coating thick- 
ncas and the receiver duty. 

1. Recuperator Heat Exchanger Design 

The reformer process gas consisting primarily of steam and me- 
thane is preheated by the hot product gasses from the receiver. The 
chief constituents of the product gasses are carbon dioxide and hydrogen 
gas formed by the catalytic conversion of the reactants at the pressure 
of 8 atmospheres and at 1260°C (2300°F). The heat required for the 
endothermic reaction in the catalyst bed is provided by the solar flux 
in the receiver. The recuperator heat exchanger provides the heat to 
increase Che gas temperature close to the receiver coil temperature, by 
recovering the waste heat from the products. 

Several concepts can be used for an effective heat exchanger. In 
fact, most of the heat exchangers that are used in the gas turbine in- 
dustry are theoretically applicable in this case. However, the limi- 
tation exists from the standpoint of suitable high temperature materials. 
There are five different approaches* to higher temperature heat re- 
covery, some of which will be discussed in the following paragraphs. 

a. Coil -Tube Heat Exchanger. Figure 4-35 shows the most promis- 
ing concept for the heat exchanger design for Che process heat applica- 
tion. The products leaving the receiver enter the ceramic heat ex- 
changer coil at 1093°C (2000°F) and exit at 354oc (670op)^ The react- 


*Basinhis, A., Johnson, J.H., "High Temperature Heat Pipes for Energy 
Conversion", Tenth lECEC Meeting, Newark, Delaware, August 18-22, 1975. 
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ant8 pntpr the ennulue of the heat exchanger at 170^C O40^P) and flow 
acroHM the coil into the receiver at 930^0 (I700**P). The alceve which 
forniN the annulua for the incoming reactant* can atiio be made of ceramic 
or HH'tal. The high temperature product* arc contained inside the coil. 
Thiti type of heat exchanger would be inexpenaive on a ma** production 
bast* and provide* a thermal effectivene** over 0,81 in recovering the 
heat from the product gaaae* . The heat tranafer mode in the heat ex* 
changer i* esaentially a combination of radiation and forccd-conrection 
from the hot product* to the ceramic coil* conduction through the tube, 
and finally a combination of radiation and convection to the incoming 
reactant*. When the temperature difference* between the two ga* atream* 
become smaller, the heat tranafer become* primarily by convection, a* it 
is at the exit section of the coil. 

The length of the heat exchanger tube i* eatimaced to be 3.4 m 
(11 ft.) in order to heat the incoming reactant* to 930<^C (1700°P). 

This concept of the heat exchanger ha* all the features that made the 
coil tube receiver concept attractive. It has low installed coat with 
simple geometry and practically no maintenance requirements. 

b. Heat Pipe Heat Exchanger. The second concept for the heat 
exchanger util iscs heat pipes to transfer the heat from the product 
gassen to the reactant gasses^*'. A wide range of materials can be used 
for the heat pipes using verious working fluids. The heat exchanger 
consists of several rows of heat pipes arranged either in-line or stag- 
gered as in a conventional shell and tube heat exchanger. The heat 
flows from the hot end to the cold end by the heat pipe cyclic action in 
a closed container. The working fluid evaporates due to heat addition 
and condenses due to heat removal. The wick inside the heat pipe pumps 
the condensate back to the evaporator end by capillary action. The 
working fluid is selected depending the operating temperature. 

In the application, the first two rows in the hottest range of 
flow stream will utilize ceramic heat pipee made of 8-SiC with a chemi- 
cally vapor deposited tungsten coating inside the tube. The liner 
shields the tube from ^ le corrosive liquid metal and also can be used as 
the wicking medium. The proposed ceramic heat pipes are under develop- 
ment at Los Alamos Scientific Laboratory’*'* in a similar heat recovery 
application. The next lower temperature heat pipes will consist of 
stainless steel heat pipes with sodium as the working medium. At still 
lower temperature ranges, water/stainless steel heat pipes could be 
used . 


The advantages of heat pipe heat exchangers are numerous. 
Firstly, the product gas inlet temperature and the incoming reactants 
into the receiver are at the same temperature, thus assuming isothermal 
catalytic bed temperature. The maximum heat can be transferred by the 
liquid heat pipes, thus preheating the incoming reactants. Unlike the 


’’'Russell, T.E., "Advanced Energy Programs Class Notes on Industrial 
Energy Conservation, October 1979. 

’*'’*'Keddy, K.S., Ranken, W.A., "Ceramic Heat Pipes for High Temperature 
Heat Removal", 18th National Heat Transfer Conference, August 1978, 
San Diego. 
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induHtrial rotary rv^quiromcntSt the heat pipe heat exchanger doei not 
uae any Moving part^, , thua not deHanding any external power. Each heat 
pipe iff aiMple and aeU contained. The heat pipea are knotm to operate 
indefinitely within dcaign temperature range and are permanently aealed. 
Even if one heat pipe faila, the other exiating heat pipea could com- 
penaatc for the loat heat pipe by tranaferring more power. The heat 
exchanger can be made modular allowing inherent compactneaa and flexi- 
bility in the ayat'm. The heat pipea operate iaothermally with practi- 
cally negligible temperature and preaaure dropa. The overall heat trana- 
fer coefficienta achieved in the heat pipe ayatem are the beat compared 
to other heat exchangera. However, the heat pipe heat exchangers in- 
volve moderate installed coats. Table 4-8 shows the representative 
working fluids and the envelope materials in each temperature range. 

c. She 11 -Tube Compact Heat Exchanger. Thia widely used indu<i- 
trial heat exchanger utilises corrugated plates for the heat transfer 
surfaces. It provides maximum heat transfer area per unit voluaw en- 
abling the heat exchanger to be compact. Fairly high heat transfer 
coefficients can be obtained, but the installed cost involved for this 
heat exchanger is usually high. The matrix can be made of either cera- 
nics or a metal. Several programs are under contract to develop ceramic 
regenerators as a part of the automobile gas turbine developaient pro- 
gram. 


Even a conventional shell and tube heat exchanger can be built to 
be a compact unit. But, a floating head design is required at high 
temperatures to allow for the thermal expansion of the tube bundle. The 
design gets to be complicated for high temperature application if it is 
desired to have separate high and low temperature streams. 

d. Heat Wheel Rotary Regenerator. This is similar to the con- 
ventional heat exchanger used in automotive gas turbines and large cen- 
tral-station power plants. It consists of s rotating matrix driven by a 
motor of some kind. Sections of the wheel sre alternately heated by the 
discharge stream and give up their heat to the inlet stream. 

Although a successful proven concept for several different ap- 
plications, it has several disadvantages for this one. These include a 
relatively high cost and the necessity for an external drive motor. 
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Table 4-8. Heat Pipe Working Pluida and Container Hateriala 


Temperature Range 
°C 

Capillary Fluid 

Container Material 

-203 to -160 

Nitrogen 

Stainless Steel 

-60 to 100 

Ammon i A 

Aluminum, Stainless 
Steel 

10 to 130 

Methanol 

Copper, Stainless 
Steel 

30 to 200 

Water 

Copper, Stainless 
Steel 

100 to 425 

Organic Fluids 

Carbon Steel 

250 to 650 

Mercury 

Stainless Steel 

500 to 1000 

Potassium 

Stainless Steel, 
Nickel 

600 to 1200 

Sodium 

Stainless Steel, 
Nickel 

1000 to 1800 

Lithium 

Niobium, Tungsten 
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SECTION V 


RECEIVER OPERATION AND PERFORMANCE 


A. SPECIAL REQUIREMENTS 

Onf* of Clio acivaataiccs of Che aelccCed receiver concepc is ChaC no 
special rcquircmcnCa due Co oriencacion or poaicion arc imposed on Che 
design. OrienCaCion of Che inlec and ouCleC conneccions Co Che receiver 
have been indicaCed Co be ac Chreo and nine o’clock. This was done 
since scresses in Che ceramic Cube were a minimum wich Chis arrangemenC. 
However, if locaCions of chese conneccions aC Cwelve and six o' clock 
are more desirable for some applicacion posicioning, conneccions aC 
Chese locaCions arc possible. 

B. ItrrERFACE REQUIREMENTS 

The interface becween solar receiver and concenCraCor would be ac 
the foc.il mounC support ring (reference Figure 4-2). This ring must be 
capable of supporting the 234 kg (516 lb.) solar receiver weight plus 
the weight of any other focal point located equipment (heat exchanger, 
Brayton machinery, generator, etc.). As indicaCed in Figure 4-2 the 
focal mount support ring inside diameter must be approximately 122 cm 
(48 in.) so that the receiver can be inserted into and olted to Che 
ring. 


For the solar receiver alone, wiring from temperature sensors to 
monitor inlet and outlet gas temperatures plus ceramic material tempera- 
tures would be led out through the rear end of Che receiver through Che 
support cover Co connectors located on the focal mounting ring. If op- 
tical type sensors in the plane of Che aperture were employed for col- 
lector control, the wiring or fiber optics for these units would be 
routed in a similar manner. 

Assuming a heat engine or process heat exchanger were a part of 
Che focal mount located system, additional interface requirements would 
be imposed on Che focal mount support ring. A combination support struc- 
ture for Che solar receiver and heat exchangcr/hcaC engine would most 
likely be utilized in Chis case. The support ring would have to be cap- 
able of supporting the additional loads and incorporate connectors for 
additional instrumentation, process lines, etc. Sec Figure 5-1. 

With regard to connections between the solar receiver and process 
heat exchanger, several types and methods of line insulation are possi- 
ble as indicaCed in Figure 4-25, 4-26, and 4-27. With the inlet and 
outlet ceramic couplings fixed Co the solar receiver rear support, thermal 
expan-'on of lines leaving these points would require that Che process 
heat exchanger high temperature side be allowed Co float with respect to 
Che solar receiver. Provisions for such would, therefore, be designed 
into Che process heat exchanger. 
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C. TRANS tENT RESPONSE ANALYSIS 

Tlie •’ranaicnt behavior of the receiver ia important in the denign 
of system controls and in characterizing system response to input tran- 
sients (passing cloud cover, etc.). A transient heat transfer program 
was applied to the receiver model described in Section IV-B and several 
typical transients were simulated. The program performs a temperature 
iteration in time using a heat balance calculation similar to the steady- 
state program described in Section IV-B. Receiver response capability 
at step innuts from 0-50% and zero to 100% insolation was studied in 
addition to the loss-o'-flow transient and receiver thermal energy stor- 
age capability, 

1. Loss of Flow Transieiir 

Starting from full power conditions (Section IV-B) with full in- 
solation on the receiver, the program simulated a loss-of-flow transient 
by cutting the heat removal of the air in the tube. Figure 5-2 shows 
the temperature response of critical receiver components. 

For the abrupt loss-of-flow simulated, the sleeve temperature 
reaches 17G0°C (3200°F) (the limit in air for silicon carbide) in about 
200 seconds. Tube temperatures reach 16A9°C (3000°F) in 150 seconds, 
while the top-cap insulation temperature reaches 1760°C (3200°F) in 300 
seconds. At these temperatures irreversible material dnmage starts to 
occur . 


The loss-of-flow transient is perhaps the roost severe transient 
experienced by the receiver in terms of overtemperature exposure (not 
thermal shock). The results of the analysis indicate that the system 
controls have at least 2 minutes to respond (basi'r ly by defocusing the 
collector) to prevent receiver damage. The firs^ r rt of the receiver 
to see the damage will be the thercial inertia sleeve. (If the sleeve 
was not present, the tubes would see the damage first and the response 
time would be much shorter due to the reduced thermal mass of the tubes). 

2. Receiver Response From Ambient-No Flow 

Receiver response to insolation steps starting from "cold" or am- 
bient temperatures is important in characterizing receiver performance 
in startup as well as receiver overall temperature-response character- 
istics. Since the receiver startup flow and temperature schedule is not 
defined (has to be defined in coniunction with application or prime 
mover requirements) two simulations were tried; 

• Insolation on a cold receiver with no cooling air flow. 

• Insolation on a cold receiver with full air flow 0.11 kg/sec 
(0.244 Ibs/sec) at 149°C (300°F) inlet temperature. 

The latter simulation was calculated to approximate a possible Brayton- 
cycle startup condition in the initial stage'- when the receiver is still 
cold, and the compressor is operating at fu power driven by the gen- 
erator or a starting motor. 
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Figure 5 - 2 . Loss of Flow Transient Temperature Response 
(Start hot, with full insolation) 
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Figure 5-3 showB the temperature response of critical receiver 
components to a full (0-100%) insolation step at time 0. The receiver 
is asBumed to bo at an ambient 21®C (70®F) before insolation. No cool- 
ing How is assumed. The simulation of the flow cast is described in 
subsequent paragraphs . 

Figure 5-^ shows the retei;»or response (with no cooling flow as- 
sumed) to a 0-50% insolation step at time 0, where the insolation is 
taken as half that of the full power level. 

Sleeve, tube and inner insulation surface temperatures reach 
’•hot’* values (steadystate power levels) in about 15 minutes for the 
full-insolation step, and about 30 minutes for the half-insolation step. 
The plots shown are not typical of startup since it is expected that 
cooling flow will be started before hot temperatures are reached to 
prevent thermal shock to the tubes and to allow a smooth transition to 
power conditions on the Braytoncyc le . The results, however, give an 
order-of-magnituoe of the time constants to be encountered in startup. 

3. Receiver Response From Ambient-With Flow 

Figures 5-3 and 5-6 show receiver temperature response to full- 
insolation and half insul^tion steps, respectively, with receiver start- 
ing at ambient 21®C (70®F) temperatures end full 0,11 kg/sec (0.22 lbs/ 
sec) flow at an iulnt temperature of 149^-^C (300^F). 

After 12.5 minutes, receiver temperatures are still well below 
’’hot” values, which is expected partly due to the very low air inlet 
temperature. Cooling air flow also slows down receiver response since 
it causes heat removal before power levels are reached. Again the simu- 
lation does not represent an exact startup simulation (to be defined by 
the system controller) since it is expected that inlet air temperatures 
will rise (due to the pressure of the recuperator) as the receiver gets 
hotter. The results, however, are indicative of air heat-pickup tran- 
sient behavior in startup. After 12.5 minutes, air heat pickup reached 
approximately 30% of design value with full insolation (compared to 15% 
for half insolation). These time-constants need to be considered in 
startup scheduling. 

4. Thermal Energy Storage Characteristics 

To study the TES capabilities of the receiver, a simulation of 
insolation cut-off (e.g., passing cloud cover, defocusing, etc.) was 
done on the receiver starting at full power steady state conditiors. 

Air flow was maintained at full value 0.11 kg/sec (0.244 Ihs/sec) with 
an inlet temperature held at 954^C (1750^F) (design value). 

Figure 5-7 shows the temperature response of the receiver in- 
cluding the decaying air exit temperature. Exit temperature is down 
lll^C (200^F) from design value in about 45 seconds, and down 278®C 
(500^F) (to 1093°C (2000°F)) in about 150 seconds. The receiver can 
therefore maintain a good power level for about 2 minutes in case of in- 
solation loss (passing cloud cover, etc.). 
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Figure 5-3. Receiver Temperature Response to a Full-Insolation Step from Ambient (No Flow) 
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Figure 5-5. Receiver Temperature Response to a Full Insolation Step from Ambient 
(Full Flow at 149<>C Inlet) 
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Figure 5-6. Receiver Temperature Response to a Half-Insolation Step From Ambient 
(Full Flow at 149®C Inlet) 
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Figure 5-7. Receiver Response to Insolation Qjt-off (froa full-power teaperature ) . 
(Full Flow at 954°C Inlet). Shows TES Capability 
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5. Operational Considerations 

The transient response characteristics of the receiver arc nec- 
essary in control system design for scheduled operational transients 
(startup and shutdown) as well as emergency response and normal opera- 
tional transients (passing cloud cover, etc.). 

The loss-of-flow analysis indicates the need for fast-defocusing, 
with a detection and response time limit of about 2 minutes. In the 
case of overtemperature detection on the sleeve or tubes the response 
time is reduced depending on the overtemperature set-point. 

The slow receiver transient from ambient will dictate the design 
of the startup flow and temperature sequence. The overall transient re- 
sponse will also be dependent on other system components (regenerator, 
turbine, etc.) and has to be considerec as a whole. Note that the re- 
ceiver can reach a high power level although much of the insulation is 
at a low temperature, as long as the insulation inside temperature is 
high. (The total insulation energy storage capacity is estimated at 40 
kW-hr at full-power steady state temperatures, and will take a long time 
to charge . ) 

In case of passing cloud cover, the 2-3 minute storage time al- 
lowed by the receiver with high exit temperatures provides an adequate 
capacity for most situations, and enough response time for the control 
system to react . 

Further study of system transients is needed once the application 
is defined. A dynamic analysis of the interconnected system would be 
useful in control system specification. 

D. SAFETY AND OPERATIONAL CONSIDERATIONS 

The solar receiver concept as described herein offers no safety 
hazards to operating personnel, the general public or the environment. 
Certain safe operational practices must, however, be followed to prevent 
damage to the receiver or other system equipment. As with all conce.i- 
trating type solar receivers, improper concentrator operation can result 
in the destruction of the solar receiver particularly in the event that 
the concentrated energy hits the receiver in some spot other than the 
aperture and remain in this abnormal position for any length of time. A 
loss of load on the system (i.e., energy not removed from receiver at 
the proper rate) can also result in damage to the receiver. Therefore, 
controls to eliminate the possibility of such accidents as described 
above must be a part of the system. 

The solar receiver coil is in a sense a pressure vessel containing 
gas at high temperatures and relatively low pressure. The volume of gas 
in the ceramic coil is relatively small so that even a rapid failure of 
the coil would not result in an explosion of large force which could 
damage surrounding property or personnel. Assuming the process utilizes 
air as the heat transfer fluid, no adverse effect on the environment is 
possible . 
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Startup or cloud paHaagc could aubjcct tlu» solar rocoivor, pri- 
marily the thermal inertia sleeve to a large thermal shock. Failure of 
this component could then result in the sun's concentrated rays imping- 
ing directly on the solar receiver ceramic coil, A failure of the coil 
could theii result. Since ceramic materials subjected to stresses, whether 
they be of a mechanical or thermal nature, are very unpredictable only 
fluids which are not contaminat ing to the atmosphere should be utilized 
initially. As operating experience is gained and designs improved for 
joining and sealing ceramics, the use of high temperature chemical pro- 
cesses involving fluids hazardous to the environment and personnel could 
be considered. 
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SECTION VI 


PRODUCTION COST ESTIMATE 


A. SOLAR RECEIVER COST ESTIMATE 

To estimate the mass production cost of the high temperature solar 
receiver concept as proposed herein the unit was broken down into major com- 
ponents (similar to the Parts i.ist). The material utilised in each component, 
its weight, unit costs for materials and labor, material and labor costs, and 
total cost by component were then determined and are indicated in Table 6-1 . 

The overall cost is the sum of the component costs plus assembly of the com- 
ponents into a unit. As indicated in the table, unit costs are based on 
manufacture of 1000 solar receiver units per year. Estimated costs, based on 
high production rates, arc indicated later in this report. 

B DETERMINATION OF UNIT COSTS 

The unit material and labor costs indicated in Table 6-1 are the back- 
bone of the ov-erall solar receiver cost and, therefore, the methods and data 
utilized to obtain these figures require further explanation. Major component 
costs are examined one at a time as follows: 

1. Ceramic Coil 

The potential to produce tubing from sintered silicon nitride of almost 
any diameter, cross-section geometry, or length by extrusion has recently been 
demonstrated* incluuing sealing and brazing. The low cost production of sin- 
tered silicon nitride raw material from materials such as clay and coal (carbon) 
have been recently reported by Cutler** and his associates at the University 
of Utah. Thus, both process development and low cost material availability 
have been demonstrated. 

In order to determine the cost of manufacturing sintered silicon nitride 
Cubing the processing sequence must first be examined. The process contains 
ten (10) distinct operations which are shown in the flow diagram of Figure 
6-1. These operations are then listed in Table 6-2 along with the estimated 
labor time to complete a particular operation. The cost of each operation, 
based on a labor rate of $7,30 is then computed. Information on labor hours 
required per operation was obtained from three sources as follows: 


Gatti, A., W, Chiu, L. R. McCreight, "Sinterable Si 3 N 4 Ceramic Recuperator 
Materials", NASA-Lewis CRN DEN 3-54, September 1979. 

Lee, J.G., Casa R. , and Cutler, I., "Sialon Derived from Clay to Provide 
an Economical Refractory Material", IndusC . Heating, April 1976, 
pg. 50-53. 
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Clay, etc. 


SIO 2 Al20^ 


(1>— I Blend Pelletize 


(3) 


React 

N2 - 1440°C 



Carbon 

Lamp Black, 
Powdered Coal, 
etc. 

(4>- 

Coraninute Clinker 

— 

Crush, Ball Mill 
to -400 mesh in 
Alcohol or other 
non-aqueous 





1 


(6)^ 

Add Binders 

H 

Remove Iron & Dry}' 


• 

-I 




(7>^ 

Extrude to Shape 





1 




(8>-| 

Remove Binders 





1 




(9)-j 

Final Fire in N. 
to 165QOC 





1 




(10>^ 

Finish Cut Size 




Figure 6-1. Flow Diagram for Low Cost 0' Si 3 N 4 Matcrial-s 
Which are Non-Strategic and Capable of High 
Temperature Performance 
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TnbU* b-?. Summnry-Lnbor Co«t« for Sintorablc Si^N^ Tubing (600 Lb. Batch) 


No. 

Operation Description 

Lab Hrs . 
Req *d 

Coat at 
$7. 50/hr. 

1 

Blending 

0.25 

$ 1.88 

2 

Pel letizing 

3.50 

26.25 

3 

React ion 

2.20 

16.50 

/♦ 

Comminute 

6.47 

33.53 


Remove Iron 

2.00 

15.00 

h 

Add Hinder A 

1.00 

7.50 

7 

Kxt rude to Shape 

2.00 

15.00 

8 

Dewax 

2.00 

15.00 

9 

Final Fire 

1.25 

9.38 

10 

Finish Cut & 
Size Ends 

4.00 

30.00 



TOTALS 22.67 

$170.04 






C'E Rcfractoriei , King of Pruaaia, PA 

Carboloy Product Dapartmenc, GE Conpany, Oatroit, Ml 

Locka Insulator Inc., Baltinore, MD 
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Rough engineering eatimatea (ROM) were nade for operations No. 8 and 
No. 9 sinca no sinilarity existed between those operations and the products 
produced by these organiaations. 

Raw materials costs for clay range from $22 to $40 per ton. The latter 
number was chosen as the most conservative. Cost per pound is $0.02. Coal 
costs range from $12 to $25 per ton. Using the highest figure, carbon cost 
per pound is $0.0125. Other sources of carbon, such as lamp black or char- 
coal, are higher in cost by at least a factor of two. Therefore, being very 
conservative results in a 1979 raw mat«ri:<l cost of approximately $0,045 pc'- 
pound. The above figures were obtained from the Ceramics Data Book published 
by The Cahners Publishing Company, 1979. 

Referring to Table 6-1 and applying an overhead rate of 500Z (quoted by 
two vendors and including plant equipment, supervision, support, etc.) the 
cost of sintered silicon nitride (based on a 600 pound batch) is computed as 
follows : 


170.04 X 500Z 7 600 + $0.05 - $1.47/pound 


One vendor questioned stated that a 300Z overhead would be reasonable. 

This would result in a finished product cost of $0.90 per pound. It is reasonable 
to assume the cost will be somewhere between the two figures. The m.'>re con- 
servative value was used in the cost estimate. 

There are two critical areas in the scenario which would need further 
development. These areas are material processing by means of the Cutler process 
to produce Si 3 N 4 starting materials and extrusion binder systems which would 
be more readily removed and recycled than the wax-powder mixtures now used. 

Present materials produced by Cutler are of a lower quality than those 
used during our development studies. Producing acceptable raw materials cheaply 
enough (i.e., 'v SC per pound) is a significant part of this scenario. Si 3 N 4 
presently available is expensive, the least costly material is still more than 
$8 per pound. 

With low cost materials available, the cost of tubing is almost entirely 
determined by labor costs. As an example, if the labor costs can be halved, 
the price of tubing falls to $.71 per pound using the 500Z 0/H figure. 

2. Thermal Inertia Sleeve 

Vendors requested to provide cost estimates for the silicon carbide 
(Sic) sleeve indicated a cost of approximately $2000 to manufacture one or two 
units. They were unwilling to provide a cost estimate based on one thousand 


6-5 


GBABP-66 


units. Attuaing the costs indicated for the aanufacturing of the sintered 
silicon nitride coil are reasonable there is no reason to believe the silicon 
carbide sleeve could not be aanufactured for approximately the same cost. Due 
to the simple cylindrical configuration some of the operations should be less 
expensive. This is reflected in the $1.00/pound rather than $1.42/pound for 
Si 3 N 4 labor astimate. Raw materials would be expected to be the same for both 
ceramics . 

3. Insulation 

Insulation costs are based on data obtained from Babcock and Wilcox 
Company. Their insulation proposal consists of a 2 1/2 inch thick layer of 
B&W Company 3000 Board insulation surrounding the ceramic coil. This in- 
sulation would be in rigidised pieces (two to four pieces). Saffil* fibers 
are employed and the maximum operating temperatures capability of the in- 
sulation is approximately 1649^C (3000**F). As the temperature drops iu a 
radial direction through the insulation, materials of lower temperatures 
capability are utilized and, therefore, the term graded insulation is em- 
ployed. At the 1260*^C (2300^F) interface, B&W ST Board is used and below 
1093°C (2000°F), B&W, 6 Ib./ft^ Kaowool Blanket insulation is used. Based on 
one thousand units the B&W estimated cost for insulation was $1174. This is 
$4.06 per pound. 

Actually the outer three or four inches of insulation could be fiber- 
glass in place of an equivalent amount of Kaowool insulation. This could 
result in some coat savings. 

4. Other Materials and Labor 

Unit costs for materials and labor for the sheet metal casing, struc- 
tural steel support and superalloy coupling supports are based on engineering 
estimates from costs incurred in the manufacture of similar items by the GE- 
AED shop. The assembly hourly labor cost is typical for a technician and 
includes overhead and G&A. 

C. EFFECTS OF PRODUCTION QUANTITY ON UNIT COST 

The cost estimates for the 1000th unit was determined to be approx- 
imately $1724. It was necessary to project the unit cost at production rates 
of 10,000, 100,000, and 1,000,000 per year. The technique used involved 
learning curve theory and was based on the unit cost data given in Table 6-1. 

By separating the raw materials out of the insulation package at the 
same price as that of the silicon nitride and silicon carbide, i.e., $0.05 per 
pound, the following breakdown of the total cost is made: 


Total Labor Cost 

$ 453. 

Raw Materials 

111. 

Insulation 


(w/o Raw Material) 

1160. 

TOTAL 

$1724. 
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It w«t observed thet much of the cost of the insulation package, in 
small quantities, is manual labor end assembly. In addition, significant cost 
improvement can be anticipated during subsequ$nt manufacturing development. 

An SOX learning curve was applied to the labor cost and to the insu- 
lation package exclusive of raw material. Rav: material cost was held constant. 
Shown below is the estimated cost in mass production. 


Number of Parts 

Unit Cost 

1,000 

$1,724 

10,000 

880 

100,000 

478 

1 ,000,000 

286 


Figure 6-2 shows the Unit Cost versus number produced. Note that the 
cost in large-scale mass production is approximately twice the raw material 
cost, which is consistent with other studies*. 

D. PRODUCTION TOOLING REQUIREHENTS 

Capital equipment costs required for production of up to approximately 
2000 sintered silicon nitride solar receiver coils per year are indicated in 
Table 6-3. To increase production above 2000 units per year would require a 
nitrogen furnace (item No. 9) of Table 6-3 capable of continuous operation. 
This would increase the cost of item No. 9 to approximately $60,000 or double 
the cost of the batch-type furnace. The process equipment would then be cap- 
able of producing approximately one ceramic coil every hour, or 8760 units per 
year. The total capital equipment cost would then be approximately $183,000. 

Production equipment and facilities presently exist to handle the manu- 
facture of 2000 silicon carbide thermal sleeves per year. Production rates 
above this figure would require vendors to install additional process equip- 
ment . 


The insulation material required in the solar receiver construction 
would be subcontracted to manufacturers engaged in the production of insula- 
tion materials. 

E. RECEIVER OPERATING LIFE AND MAINTENANCE REQUIREMENTS 

The solar receiver conceptual design presented previously in this 
report has several design features which enhance its operating life. Simplicity 
in design and fabrication is the key to success and long operating life in any 
system and it is difficult to see a way in which a simpler design could be 


* For Example: Allen, M.M. , Larson K.J., and Walker, B.H., "Process Demonstration 

and Cost Analysis of a Mass Production Forging Technique for Automotive 
Turbine Wheels, Phase II", Pratt 6 Whitney Aircraft, COO/2637-1, July 10/7. 
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Figure 6-2. Unit Cost in Hass Production 
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TABLE 6-3 Estimated Capital Equipment Coats 
Sintered Silicon Nitride Coil 


Item 

Description 



Cost 

1. 

Shell Blender 



$ 5,000 

2. 

Pelletizing Press 



12,000 

3. 

Continuous Belt Furnace 
Atmosphere 

with Nitrogen 

25,000 

4. 

Jaw Crusher 



5,000 

5. 

Ball Mill 



10,000 

6. 

Magnetic Separator 



3,000 

7. 

Dryer 



8,000 

8. 

Muller 



5,000 

9. 

Extrusion Press 



22,000 

10. 

Oven 



10,000 

11. 

Nitrogen Furnace 
(Batch - 2 Coils/8 Hr. 

Shift) 


30,000 

12. 

Diamond Cut-Off Tool 



2,000 



Sub Total 


137.000 



Freight 

IZ 

1,400 


Installation 

lOZ 

13,700 


TOTAL 


152,100 
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produced for a hlch temperature solar receiver. The coiled ceramic heat ex- 
changer is fixed only at its inlet and outlet connections allowing freedom for 
thermal expansion iu all directions from these fixed points. To further protect 
the heat exchanger, c. ceramic sleeve is utilised as a thermal damper between 
the concentrated rays of the sun and the ceramic coil. This sleeve moderates 
the thermal shocks possible during startup and after cloud passage and should 
greatly iitcrease the life of the coiled ceramic heat exchanger. No parallel 
arrangement of tubes requiring many ceramic joints is required, in fact, no 
joints whatever exist in the coiled tube which could result in fluid leaks. 

Maintenance requirements for the solar receiver portion of the focal 
mounted system should be minimal. The receiver casing weather seals must be 
kept tight to prevent the entry of water or other foreign material into the 
insulation. Weathering of the outer steel casing will require painting from 
time to time. Since there are no moving parts, no lubrication at periodic 
intervals is necessary. In the event of a break in the ceramic coil it is 
expected that the complete solar receiver would be removed from the focal 
mount ring and a replacement unit installed at the site overhaul shop. No 
routine replacement of the coil or thermal sleeve is contemplated. Only peri- 
odic inspection to insure that the thermal sleeves have not cracked or cracks 
in the ceramic coil do not exist appears necessary. 
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SECTION VII 
CONCLUSIONS 


As a result of this conceptual design study, the following conclusions 
are made concerning high temperature solar thermal receivers: 

1 . Of all the concepts evaluated, the one using a helical coiled 
silicon nitride tube is the most attractive for high tempera- 
ture service . It showed good efficiency, high temperature 
capability, low pressure drop, and a potential for low cost in 
mass production. It is a simple design with few parts which 
should lead to easy replacement of parts an<l low maintenence 
costs . 

2. The matrix (honeycomb) concept was very attractive at lower 
temperatures . Although the requirement of a fused silica win- 
dow limits the temperature capability of this concept, where 
it can be used it shows excellent performance and the poten- 
tial for low cost in mass production. 

3. No new materials development are required for the helical 
coiled tube concept . Only the size of the coiled tube requires 
fabrication process development. The materials and processes 
are presently available. The rest of the design is made out 

of commercially available materials. 

4. Detailed thermal analysis confirms the parametric analysis . A 
finite element 2-dimensional thermal analysis gave results for 
temperatures and heat losses in good agreement with the para- 
metric analysis. For the Brayton cycle design point an effi- 
ciency of 62Z was achieved with a 2 milliradian slope error 
concentrator. Peak temperatures were well below material 
limits . 

5. Stress analysis of the coiled tube showed that a large; factor 
of safety exists . A finite element stress analysis showed that 
the coil could be hard mounted to the support structure and op- 
erate safely in all operating positions. Deflections due to 
pressure and temperature were small. 

6. Transient thermal analysis showed that the helical coil designs 
could operate sucessfully over a wide range of conditions . An- 
alysis of the loss-of-flow condition showed that up to 2 min- 
utes would be available to defocus the concentrator before dam- 
age would occur. The thermal inertia sxeeve takes the initial 
thermal shock and protects the coiled tube. Enough thermal 
inertia exists to allow several minutes of operation during 
cloud cover. 
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T > The conceptual d«iign is adaptable to difct ch««tc«i reactioif . 
A eaiall eaMunt of effort showed that ■everal ways of placing 
catalyste in Che receiver were both poaaible and practical. 
Several recuperator deaigna tfere identified which could provide 
the neceaaary thermal energy recovery. 

8. tow coat in aaaa production ia achievable . Cost estimates of 
$300-400 per unit at a production rate of 200,000 to 1,000,000 
per year appears reasonable. The basic designs and materials 
of construction lead to a naturally low cost receiver. 
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SECTION VIII 
RECOHNENDATIONS 


The following reommendations follow logically from Che conclusions of 
Che sCudy. 

1 . Ic is recommended ChaC a feaaibilicy deroonsC- aCion of Che fab - 
rTcabiliCy of Che silicon niCride helical coil be performed. 

This componenC is Che only one which is noC commercially avail- 
able. The maCerials and processes are developed, buC noC for 
Che specific size and shape required. A sucessful demonsCraCion , 
using exisCing faciliCies, will provide Che necessary proof 

ChaC Che concepC is viable. 

2. SubjecC Co a successful demonsCraCion of fabricabili y of Che 
helical coiled Cube, a full size receiver should be Jesigned, 
^ilc, and cesCed . WiCh confidence in Che fabricabiliCy of 
Che helix, a program leading Co a full size receiver appears 

Co have barriers. This world provide Che Cechnology for Che 
use of high CemperaCure solar energy in economic and efficienC 
fashions . 
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APPENDIX A 

THE MATERIALS AND FABRICATION PROCESS 
FOR A 

HIGH TEMPERATURE SOLAR THERMAL RECEIVER 
(Contract 9SS435) 

L. R. McCrcight 
General Electric Coaipany 
Philadelphia, Pa. 19101 


Introduction 

On« of the most promiiing concepts for the design of a high temperature 
solar receiver depends upon the capability to extrude and shape a ceramic 
tube into a helical coil. Figure 1 shows a concept for a high temperature 
solar thermal receiver which uses a large coiled ceramic tube as the key 
heat exchanger element between the solar energy and the gas to be heated. 

The size and complexity of this part put its fabrication beyond the current 
state of the art but within the range of development capabilities. This 
memo was prepared to fully discuss the materials and especially the fabrica- 
ting process for this program. 

While there are several oxide, carbide, and nitride ceramic materials 
capable of resisting the high temperatures and some of the related aspects 
for service as a solar receiver, the best choices for consideration are 
between the silicon carbides and silicon nitrides. Either family of 
material can probably be satisfactorily used in this program although some 
particular chemical envirorment may dictate choosing o>.<e over the other. 
However, if all other aspects are equal, the silicon nitrides have 
certain properties which make them the material of choice. These are 
a lower thermal expansion coefficient and a lower modules of elasticity 
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compared to the ailicon carbidaa. While silicon carbide has a higher 
thermal conductivity it is still generally more thermal shock sensitive than 
the silicon nitrides. In the case of the older and better established 
silicon carbides, several compositions and siethods of fabricating are avail* 
able, while until recently only hot pressing and reaction bonding were 
available for silicon nitrides. Now that essentially all of the standard 
ceramic processes are available for silicon nitrides (largely through our 
receni': work) they can be more widely applied. 

Our work has been aimed at initially making the so called sialons 
(%/hich are named by using Che symbols for the four major chemical ingredi- 
ents; Si, Al , 0, and N) using about a 50-50 mixture of Si 3 N 4 and AI 2 O 3 -AIN. 
Subsequent compositions have been prepared with as high as 94-95X Si 3 N 4 . 
These are processed with our own high purity silicon nitride grinding 
media to avoid the contamination which is common to other grades of silicon 
nitride and by all of the common ceramic forming techniques. Some of the 
properties, compositions and examples of these materials are shown in 
Figures 2, 3 4 and Table 1. It is our opinion and therefore recommendation 

that the sintered silicon nitrides be emphasized in this program at this 
time. The final choice of material may be dictated by chemical reactiins 
or other considerations and indeed any of several materials may ultimately 
be needed to handle the range of applications. Meanwhile the processing 
and fabrication requirements to successfully demonstrate the concept should 
be undertaken with a material which offers the most chance of success. 

Extrusion is the process of choice fur fabricating thousands of tons 
per year of many products in each of the three general classes of materials: 
ceramics, metals, and plastics. General criteria for choosing extrusion 
include: large length to cross section dimensions, generally hollow and/or 
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Figure 2. Thermal Conductivity of Hot Pressed Silicon Nitride and 
Selected Sl,_ A1 0 Ng_ where x“1.5, 3 r«nd U after Rao, 
Kokhtev and^Lockman, "Electrical and The *roal Conductivi- 
ties of Sialon Ceramics," Dept, of Materials Science and 
Eng., Univ. of Florida, Galnsville, Fla. 32611 



Figure 3. Thermal Expansion of GE-128 Sialon, Hot Pressed and 
Reaction Bonded Silicon Nitride 
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complex shapes having symmetry about at least one axis and, of course, a 
suitable relationship among the temperature, viscosity and pressure 
characteristics of the materials. In a few cases there are alternate 
forming methods available. Usually extrusion is less expensive, although 
it also usually produces somewhat less precise dimensions. 

Among the common products made by this technique are: tubing, archi-* 

tectual trim such as of stainless steel, aluminum, and plastics, insulation 
on heavy ^ire and cable, common brick, sewer pipe, chimney liners, and furnace 
and thermocouple tubes. Machinery for extruding the heavy clay products 
(e.g. brick, sewer pipe and tile) are illustrated in Table 2 from the 
J. C. Steele & Sons, Inc. In addition there are many less common products 
and many variations of the basic process. Some examples of these include: 
a combination of extrusion and pulling on the product called pultrusion, 
some (but not all) glass drawing operations to make both simple sheet or 
tube shapes as well as more intricate shapes, and ceramic heat exchanger 
cores (that will be discussed in greater detail later) which in one process 
start with an extruded sheet which is then embossed with spacer legs 
followed by winding into a roll during which the spacers are bonded to 
the previous layer. 

It should be mentioned that some of these products are produced in 
intermittent or batch operations and others are (or can be) in essentially 
continuous operation for up to several years. The resulting products can 
therefore be extremely long or cut to short lengths depending upon the end 
use, or shipping, or handling requirements. Wire and cable insulation, 
bricks, and glass tubing are among the examples of the long continuous 
e'.trusion processes even though the end products are cut (on the fly) to 
various lengths for handling etc, reasons. Some of these are illustrated 
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in Figures 3 and 6. More detailed discussion of some examples of these 
products are presented later in this memo. 

Finally, a few caveats should be mentioned. In general, a more or 
less uniform cross section of material should be maintained in extrusion. 

It also helps to have synnetry about all exes of the cross section. There 
are certain limitations on the relationships among wall thickness, overall 
cross sectional sire, and the radius to which the product can be later 
formed for any given material composition and condition. In general 
these caveats add up to indicating that extrusion is somewhat of an art 
which depends very strongly upon the skill and experiences of the designers 
and operators to make products successfully. 

The preceding comments are broad, general, and based generally on less 
sophisticated materials and products than are needed here. They, along 
with our other knowledge of ceramics, lead us however to recoiranend a 
simple helical coil design for i.ne solar receiver. Such a design should 
permit ease of fabrication, longer life, and lower cost than more complex 
designs. The primary design is therefore briefly reviewed next followed 
by some discussion of the current state of the art in the area of modern 
engineering ceramics. With some development effort, it appears likely 
that the current state of the art can be extended for making the tubes. 
Primary development effort is needed to achieve the size and shape 
of the desired helical coil and not to achieve the basic materials or 
processes which has already been accomplished. 


Application to the High Temperature Solar Receiver 

The proposed concept (No. 1) of a single helical coil of sintered 
silicon nitride (sialon) is a simple elegant design which has many virtues 
for the desired application. It minimizes joints, notches, small radii. 
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Shown above are a few of the products made 
by the F-l Pottery De-airing Machines. 
These products range from electrical porce- 
lain insulator tubing, to intricately designed 
pieces including round and square blanks for 
ceramic plates, etc., and ribbons for ceramic 
floor and wall tile. 

The F-I Pottery De-airing Machines are 
designed to extnide to exacting specifica- 
tions for companies in electronics, chemical 
plastics, and ceramic industries. 
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etc. while providing freedom to expand and acccnaodate atreaaea which 
in Mny other deaigna would probably prove detrimental or even cataatro* 
phic for ceramic materials . 

The obvious fabrication process is to extrude the silicon nitride 
powder, mixed with about an equal volume of organic binders, as a 
tubular shape, as was done on a small scale as shown in Figure 7. This 
would be done while the mixture is warm enough to provide ease of both 
extrusion and formability to coil the tubing into the desired helical 
shape on a mandrel, as illustrated in Figure 8. After cooling (and per- 
haps also drying) the internal mandrel would be removed and some external 
supports placed to hold the helix for firing while also permitting it to 
shrink the usual lSX-23%, as rhown on Figure 9. 

A typical size of product needed for this application requires on 
the order of fifty feet of two inch tubing wound into approximately an 
18 inch diameter by three foot long helix. It is not the material or 
process but achieving this set of dimensions while maintaining the ne as- 
sary properties which is beyond the state of the art. 

State of the Art 

Some examples of the state of the art, to be described here, sug- 
gest that a foundation exists on which to develop the necessary skills 
to produce the desired large helical tube. 

1. Lucalox lamp tubes. These tubes aie extruded continuously of 
very high quality alumina with about a 3/8" dia. and about 30 mil walls 
as shown in Figure 10. They are cut into 30" lengths for firing and 
later cut to about 5" lengths for use in very high efficiency lamps. In 
the lamps, they serve as pressure vessels for sodium vapor at temperatures 
to about 1250-1300^ C. The demonstrated long life (13,000 * hours) 
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of drMnding service with m very high degree of reliability certainly 
qualifies the» for listing as an application of a SK>dern engineering 
ceranU' suiterial and process. 

2. Ceramic Regenerator Heat Exchanger Cores. Several processes 
are used to make these cores including: extrusion, extrusion followed 

by calendaring and/or embossing and by an impregnated paper process (ala 
corrugated paper) which is now less favored. A quadrant of a heat ex- 
changer and several views related to the processing and resultant products 
as shown as Figures II-IS. In the Coors process, long strips (typically 
1300* for an 18" wheel and 2600' for an 25" wheel) or organically bonded 
ceramic powders are forim*d into a tightly wrapped helica! wheel so as to 
provide many small (500-10C0/sq in.) gas passages parallel to the axis of 
the wheel. The wheels are typically about 18-28" dia x 2-3" thick (or 
long) for automobile gas turbine applications. Materials are primarily 
low expansion oxides such as beta spodumene and cordierite which are 
lithium aluminum silicate and magnesium aluminum silicate, respectively. 
The heat exchanger wheels are fired to around 1400^^ C then finished 
machined and fitted with a ring gear to drive them. This heat exchanger 
is then an extremt*ly important component for recovering waste heat 
in industrial applications and for possible gas turbine powered 
autos. In the latter application, a goal for the life of the heat ex- 
changer is 3500 hours at a nominal 30 rpm with as much as 1000^ F tempera- 

ture differential across it. This calculates to over 6 x 10^ thermal 
cycles ard life tests have already indicated that over 10,000 hours or 

about 18 X 106 cycles are possible. Our role over the past four years 

on this field has been to develop more corrosion resistant materials 
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Figure 11. Untri»«ed Quadrant of an Autoaotive Gas Turbine 

Heat Exchanger Core Made of GE Developed Materials 
by Coors Porcelain Co., using the Process Illustra- 
ted in Figure 12 to Provide the Cross Section 
Illustrated in Figure 13. 
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Figure 14. GE 3200 NGK-Extruded Fired at 120C*C (12X> 
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CERAMIC POWDER 



CUHER 


/ SEGMENT SLICED TO 
PROPER THICKNESS 


EXTRUDER 


SEGMENT OF CORE 
BEING EXTRUDED 


SEGMENTS OF 
PROPER THICKNESS 
ASSEMBLED INTO 
A CORE PRIOR 
TO FIRING 



Figure 15. Typical Extrusion Operation for Making Honeycomb 
Ceramics 


A-22 


r 


^ «IANK NCT niwrc 


GEAEP-66 


•pplicaCions, some typical products from Norton Co. which are at the 
limits of the current state of the art are: (1) tubes having up to a 

C" diameter by about 100" length and (2) combustors about 12-14" dia. 

X 30" long with one end closed. In more complex units smaller dimen- 
sions have been fabricated for example, a 30" high heat exchanger 
consisting of 10 - 1" dia. partially finned "U" tubes connected to 
2 - 4" dia. plenum tubes. Efforts are underway to make larger parts 
and to develop both mechanical and chemical (braze) bonds for as- 
sembling large components. 

A ceramic recuperator development, Phase I program has just been 
completed in nur laboratory for NASA-Lewia.* It was aimed at demonstrat- 
ing the initial feasibility of fabricating a recuperator for an advanced 
Stirling cycle powered auto. The recuperator is to recover waste heat 
at 1370*^C (2500^F) and to be made of our sintered silicon nitride in a 
configuration illustrated in Figures 16 & 17. The initial design of the 
small exhaust gas tubes was triangular as indicated in Figure 16. 

This was later changed for case of fabrication to the more rectangular 
shape shown in Figure 17 along with some of the design parameters for 
this recuperator. This program was unfor';unately cancelled for the 
convenience of the government during the first phase but it was suffi- 
ciently complete to indicate that (1) the tubes can be extruded and 
fired (2) they can be assembled into modules using a glass brazing 
material and (3) that the basic silicon nitride materials are resistant 
to corrosion by some salt and sulfur compounds associated with automotive 
operations. A final presentation was recently made at NASA-Lewis and 
a final report is in preparation. 

*Ceramic Recupertor Fabrication Technology. Contract DEN 3-54 for NASA-Lewis 
Research Center 
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Figure 16. Sintered Silicon Nitride Recuperator Component Module, 
and Future Full Scale Design Concept. 
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Figure 17. The Final Design of Exhaust Gas Tubing (Except for 
Span Web) is shovm Along with Stme Design Paramete 
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Tht* Btate of the art for making largo holical coils of :eramic 
tubing does not yet include the sizes of interest to this program. It 
is furthermore, possibly a subjective matter of opinion as to the feas- 
ibility of accomplishing the task. It is then the author*s opinion 

■ 

that with suitable development effort the goal can bo accomplished and 
that it is well worth doing as compared with alternate approaches. His 
opinion is also supported by experienced senior technical personnel at 
four of the leading producers of these products (Norton Co., Coors Por- 
celain Co., and the Quartz and Chemical Department and the Carboloy De- 
partment of General Electric Co. 

It appears that an acceptable definitive proof of concept will have 
to come from experimental demonstrations of the materials and processes 
for the design being proposed rather than simply from opinions. One way 
of proving the feasibility of this concept is a multi-step series of 
demonstrations and tests of the product be carried out over about a 12 - 
18 month time period as follows: 

1. Extrude several 10* lengths of 1/2” sialon tubing and form them 
into 6” dia, x 6” high helical coils for processing studies. In parallel 
make some additional similar but shorter tubes for mechanical testing and 
for joining development and tests. 

2. Upon successful completion of the above work, scale up the fab- 
rication tests to make several 20-25* lengths of 1** dia. thin wall sialon 
tubing into 12-15** dia. x 12-15** high helical coils primarily for processing 
studies but to include mechanical testing and general characteristics. 

3. Kinally scale up the process to the final size of helical coil 
chosen for the program for a demonstration of feasibility and for final 
proof of concept tests. 
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